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ABSTRACT
Highly convergent annulation strategies have been developed for the synthesis of
azulenes and polycyclic nitrogen heterocycles. Specifically, substituted azulenes have
been synthesized via a ring expansion-annulation strategy based on P-halo diazo ketones.
The method employs the use of readily available benzenoid starting materials and
achieves the synthesis of azulenes substituted on both the five- and seven-membered
rings regioselectively. The synthetic utility of the ring expansion annulation products, in
particular azulenyl halides and triflates, has been demonstrated by their successful
application in transition metal-mediated carbon-carbon bond forming reactions. These
reactions have been used to further functionalize the five- and seven-membered rings and
also in the synthesis of oligoazulenes and azulenylamino acid derivatives. In addition,
polycyclic nitrogen heterocycles have been synthesized via a tandem ring forming
strategy. The strategy employs a novel benzannulation reaction of substituted
cyclobutenones with ynamides, which are synthesized via the strategy for the N-
alkynylation of amides strategy developed in the Danheiser laboratory. The products of
these benzannulation reactions, highly-substituted anilines, then participate in ring
closing metathesis reactions to form various nitrogen heterocycles. In particular
dihydroquinolines, hydrobenzoazepines, and hydrobenzoazocines were synthesized via
this tandem ynamide benzannulation ring closing metathesis strategy.
Thesis Supervisor: Rick L. Danheiser
Title: Professor of Chemistry
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Chapter 1
Introduction and Background
Azulenes, the best known class of polycyclic nonbenzenoid aromatic
hydrocarbons,1 '2 have long fascinated chemists with their beautiful colors, interesting
reactivity, and unusual electronic properties. The isolation of guaiazulene in 1863 from
the chamomile plant by Piesse,3 and most of the early studies of azulenes, effloresced
from work done in essential oil chemistry. Due to its remarkable blue color and the
conventional wisdom of the day, azulene was originally believed by chemists to be some
type of copper species. However, the volatility of the substance cast doubt on this
hypothesis and numerous research efforts were initiated to correctly identify the structure
of the compound. 4
In 1915, Shemdal provided an essential clue to the structure of Piesse's azulene
when he determined that this blue substance could be extracted into acidic aqueous
1 For reviews, see: (a) Zeller, K.-P. in Methoden der Organischen Chemie (Houben-Weyl); Kropf, H., Ed.;
Georg Thieme Verlag: Stuttgart, 1985, Vol. V/2c, p 127. (b) Lloyd, D. Nonbenzenoid Conjugated
Carbocyclic Compounds; Elsevier: Amsterdam, 1984; pp 352-377. (c) Lloyd, D. The Chemistry of
Conjugated Cyclic Compounds; John Wiley and Sons: Chichester, 1989; Chapter 13. (d) Mochalin, V. B.;
Porshnev, Yu. N. Russ. Chem. Rev. 1977, 46, 530.
2 For an excellent discussion of the history of azulenes, see: (a) Hansen, H.-J. Chimia 1997, 51, 147. (b)
Becker, D. A. Application of Allenylsilanes in Annulation Routes to Azulenes and Heteroaromatic
Compounds. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, May 1988; pp 47-52.
(c) For a discussion of early research on azulene chemistry, see Gordon, M. Chem. Rev. 1952, 50, 127.
3 Piesse, Compt. Rend. 1863, 57, 1016.
4 (a) Hentzschel, W.; Wislicenus, J. Annalen 1893, 275, 312. (b) Barbier, P.; Bouveault, L. Compt. Rend.
1894, 119, 281. (c) Wallach, O.; Tuttle, E. F. Annalen 1894, 279, 397. (d) Sabatier, P.; Mailhe, A. Compt.
Rend. 1914, 158, 985. (e) Kremers, R. E. J. Am. Chem. Soc. 1923, 45, 717. (f) Ruzicka, L.; Rudolph, E. A.
Helv. Chim. Acta 1926, 9, 118.
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solutions with mineral acid to provide a yellow-brown solution.5 The blue compound
could then be regenerated by diluting the acid layer with water. This procedure provided
access to sufficiently pure azulene to permit elemental analysis. Piesse's azulene was
found to have an empirical formula of C15H1 8, proving that the compound was
amazingly a simple hydrocarbon in spite of its blue color. By combining this structural
information with the relatively new theory of aromaticity,6 ,7 Pfau and Plattner were
finally able to correctly assign the structure of Piesse's azulene (known today as
guaiazulene) in 1936, over seventy years after its discovery. 8
Properties and Applications of Azulenes
The most distinctive property of the azulenes are their brilliant colors. While
azulene itself is a dark blue solid, both naturally-occurring and synthetic derivatives
display a broad spectrum of colors. Depending on the nature and position of
substitutents, azulenes can range in color from red to violet. The electronic transition in
the visible spectrum responsible for azulene's blue color is at 580 nm.lb Substitution on
the azulene ring changes the energy of this transition, as is illustrated below with alkyl
substituents. Explanations have been proposed to address the question of why azulenes
are highly-colored and other related hydrocarbons (e.g., naphthalene) are not. 9'10 "1,12 Liu
5 Sherndal, A. E. J. Am. Chem. Soc. 1915, 37, 167, 1537.
6 Armit, J. W.; Robinson, R. J. Chem. Soc. 1925, 127, 1604.
7 Huckel, E. Z. Physik. 1931, 70, 204; 1931, 72, 310.
8 Pfau and Plattner were able to validate their proposal through the synthesis of a blue hydrocarbon which
possessed the azulene nucleus, see: Pfau, P.; Plattner, P1. Helv. Chim. Acta 1936, 19, 858.
9 Liu, R. S. H.; Muthyala, R. S.; Wang, X.-s.; Asato, A.; Wang, P.; Cheng, Y. Org. Lett. 2000, 2, 269.
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suggests that azulenes' colors are "due to the exceptionally low-lying S state, a
consequence of a reduced amount of repulsive energy between the HOMO and LUMO
orbitals."
Azulenes have a number of interesting properties. Azulene itself possesses a
rather large dipole moment of 1.08 Debye in benzene at 25 °C and azulenes exhibit
unusual reactivity towards both nucleophiles and electrophiles as compared to other
aromatic hydrocarbons.'b In addition, azulene is the only small organic molecule that
violates Kasha's rule and fluoresces from the S2, not the S1 state.' 3
Azulenes have found use in three major areas of application: as colorants, in
electronics, and as pharmaceuticals.'4 '5 6 The most abundant naturally occurring azulene,
'0 Michl, J.; Thulstrup, E. W. Tetrahedron 1976, 32, 205.
1 Lemal, D. M.; Goldman, G. D. J. Chem. Educ. 1988, 65, 923.
12 Haddon, R. C.; Raghavachari, K. J Chem. Phys. 1983, 79, 1093.
13 (a) Beer, M.; Longuet-Higgins, H. C. J. Chem. Phys. 1955, 23, 1390. (b) Viswath, G.; Kasha, M. J.
Chem. Phys. 1956, 24, 574. (c) Sidman, J. W.; McClure, D. S. J. Chem. Phys. 1956, 24, 757.
14 For a review of commercial applications of azulenes prior to 1988, see: ref. 2b; pp 67-71.
15 For a review of commercial applications of azulenes between 1988 and 1994, see: Kane, J. L., Jr. New
Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis, Massachusetts Institute of
Technology, Cambridge, MA, May 1994; pp 16-18.
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guaiazulene, has been and continues to be a common additive in many cosmetics,
including shampoos and lotions (shown below).'7 These highly-colored compounds have
also found use as dyes, particularly in laser printing and xerography.2b '
Figure 1. Cosmetics Containing Guaiazulene
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Azulenes have been of interest to many materials scientists as well. Azulenes
have electronic applications as components in conductive polymers,'9 liquid crystal
displays,2 0 optical filters,21 rechargeable batteries, photorecorders, and photoreceptors.22
Azulenes have also been used in organic electroluminescent displays for fluorescent
16 For a review of commercial applications of azulenes between 1995 and 2000, see: Shea, K. M. Studies
on Polycyclic Unsaturated Compounds: 1. Synthesis and Properties of Cyclopenta[a]phenalenes 2.
Synthesis of Substituted Azulenes. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA,
May 1999; pp 144-146.
'7 Hunting, A. L. L. Encyclopedia of Shampoo Ingredients; Micelle Press: Cranford, New Jersey, 1983; pp
177-178.
18 Fujitsu Limited. US Patent 20030129516, July 10, 2003
19 (a) Xerox Corporation. US Patent 6605236, August 12, 2003. (b) Merck Patent GMBH. US Patent
2003122479, July 3, 2003.
20 Merck Patent GMBH. US Patent 20030168657, September 11, 2003.
21 Fuji Photo Film Co. LTD. Japanese Patent 2004093758, March 25, 2004.
22 For applications in rechargeable batteries, photorecorders and photoreceptors, see: ref. 15.
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conversion membranes23 and in electrically charged conductive charge-transfer
complexes.2 4
Recently, synthetic azulene derivatives have become important as medicaments.
The frequency of patents claiming the use of synthetic azulenes in cosmetic lotions has
grown tremendously in the last few years. Specifically, azulenes are widely used in skin
soothing, moisturizing, and anti-wrinkle lotions.2 5 In addition, azulenes have also found
use in ophthalmic and periodontal treatments.26
Recent reports on potential applications of biologically active azulenes include
uses as anti-inflammatory agents,27 in treatment of cardiovascular diseases,28 and for anti-
cancer properties.28 29 Recently, Becker and coworkers have developed a stilbazulenyl
nitrone (1) that could potentially be used as an antioxidant for neurodegenerative
disorders.3 0 Another class of synthetic azulenes that have shown impressive biological
activity are the azulene sulfonates. The Kotobuki Seiyaku Company has developed a
substituted azulene sulfonate, egualen sodium (2), for use as an anti-ulcer agent.3' Part of
23 Idemitsu Kosan Co. LTD. Japanese Patent 2002231450, August 16, 2002.
24 Schmitt, S.; Baumgarten, Simon, J.; Hafier, K. Angew. Chem., Int. Ed. Engl. 1998, 37, 1078.
25 (a) Zakrytoe Aktsionernoe Obshchestvo Kosmeticheskii Tsentr Lakrima. Russian Patent 2211024,
August 27, 2003. (b) Noevir Co. LTD. Japanese Patent 2003306440, October 28, 2003. (c) Nippon
Polychemicals Co. LTD. Japanese Patent 2004035519, February 5, 2004.
26 (a) Rohto Pharmaceutical Co. LTD. Japanese Patent 2003128537, May 8, 2003. (b) Nitto Denko Corp.
European Patent 1034781, September 13, 2000. (c) Jpn. Kokai Tokkyokoho. Japanese Patent 2001172186,
June 26, 2001.
27 (a) Kotobuki Seiyaku Co LTD. Japanese Patent 11302266-A, November 2, 1999. (b) Boehringer
Mannheim GMBH. US Patent US6121322, September 19, 2000.
28 Merck Patent GMBH. US Patent 6521646, February 18, 2003.
29 (a) Asato, A. E.; Liu, R. S. H. University of Hawaii. US Patent 5235076, August, 10, 1993. (b) Asato, A.
E.; Peng, A.; Hossain, M. Z.; Mirzadegan, T.; Bertram, J. S. J. Med. Chem. 1993, 36, 3137. (c) Hong, B-C.;
Jiang, Y-F.; Kumar, E. S. Bioorg. Med. Chem. Lett. 2001, 11, 1981. (d) Hidetsugu, W.; Kana, H.; Keiko,
Y.; Ken, H.; Hirotaka, K.; Hirofumi, N.; Teruo, K.; Kazue, S.; Seiji, S.; Susumu, S.; Shuichi, K.; Hidecki,
N.; Noboru, M. Hiroshi, S. Aniticancer Res. 2003, 23, 4747.
30 Becker, D. A.; Ley, J. J.; Echegoyen, L.; Alvarado, R. J. Am. Chem. Soc. 2002, 124, 4678.
31 Yanagisawa, T.; Wakabayashi, S.; Tomiyama, T.; Yasunami, M.; Takase, K. Chem. Pharm. Bull. 1988,
36, 641.
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Chapter 4 will describe an application of our methodology to the preparation of egualen
sodium.
SO 3 Na
I 
Some interesting applications of synthetic azulenes have recently emerged.
Becker has developed a guaiazulene-based nitrone spin trapping agent for use in the
study of free radicals.3 Other researchers have utilized azulenes as chromatropic radical
scavenging compounds as well.33 Additionally, azulene and its derivatives have been
used in catalyst systems as ligands for transition metals to promote polymerization of
olefins,34 as super stabilizing azulenylmethyl carbocations,35 and in porphyrins.3 6
The distinguishing properties of azulenes qualify the compounds as both
fascinating and exceptionally useful. The potential for many exciting applications of
azulenes continues to grow, but is limited by the lack of general and efficient methods for
32 (a) Becker, D. A. J: Am. Chem. Soc. 1996, 118, 905. (b) Becker, D. A.; Natero, R.; Echegoyen, L.;
Lawson, R. C. J. Chem. Soc., Perkin Trans. 2 1998, 1289.
33 Toa Eiyo, LTD. Japanese Patent 200225582. (b) The Procter and Gamble Co. European Patent 1094106.
April 25, 2001.
34 (a) Mitsubishi Chemical Corp. US Patent 6340652. January 22, 2002. (b) Mitsubishi Chemical Corp.
Japanese Patent 2004002310. January 8, 2004.
35 Ito. S.; Kikuchi, S.; Morita, N.; Asao, T. J. Org. Chem. 1999, 64, 5815.
36 Colby, D. A.; Lash, T. D. J. Org. Chem. 2002, 67, 1031.
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synthesizing azulenes. The development of a general route capable of producing a wide
variety of highly-substituted azulenes would certainly lead to more exciting discoveries.
Methods for the Synthesis of Azulenes
Early approaches to the synthesis of azulenes involved low-yield dehydrogenation
steps to achieve full unsaturation and were limited to the preparation of relatively simple
systems. More recently, however, powerful annulation strategies have been developed
that provide access to azulenes of more complex structure. Particularly useful annulation
methods include the following:
Ziegler-Hafner Synthesis: [5+2] annulation strategy utilizing the reaction of
glutacondialdehyde derivatives with cyclopentadienyl anion to build the
seven-membered ring
Nozoe-Takase Synthesis: [3+2] annulation strategy utilizing the reaction of 2H-
cyclohepta[b]furan-2-ones with enamines to build the five-membered ring
Becker-Danheiser Synthesis: [3+2] annulation strategy utilizing the reaction of
tropylium cation with allenylsilanes to build the five-membered ring
Julia-Scott Synthesis: annulation strategy utilizing the intramolecular BUichner
reaction to build both the five and seven-memebered ring.
18
Unfortunately, all of these methods suffer from one or more of the following
limitations: (1) poor overall yield, (2) low functional group tolerance, (3) lack of
availability of starting materials, (4) poor regioselectivity for incorporating substitutents,
and (5) limited access to azulenes substituted on both rings. Despite having significant
drawbacks, these strategies have contributed significantly to the advances in the synthesis
of azulene and are worth discussing. The following section will briefly describe each of
these methods.
In 1955, Ziegler and Haffier developed a synthesis of azulenes that would evolve
into what is generally considered the most useful method for the preparation of azulene
itself. The route originally involved the reaction of glutacondialdehyde with
cyclopentyldienyl anion. The product of this addition then undergoes a 10-n
electrocyclic ring closure followed by an elimination to afford the azulenyl core.37 This
process was optimized to include the use of glutacondialdehyde derivatives (e.g., 5) as
outlined in the Organic Syntheses preparation in Scheme 1.38 Although the strategy can
be used to synthesize azulenes substituted on the five and seven-membered rings, the
position and nature of the substituents are limited.39 Additionally, the Ziegler-Hafner
protocol often requires laborious purification to obtain the desired azulenes in an
acceptable state of purity.
37 (a) Ziegler, K.; Hafner, K. Angew. Chem. 1955, 67, 301. (b) Reviewed in Jutz, J. C. Topp. Curr. Chem.
1978, 73, 125.
38 Hafner, K.; Meinhardt, K. -P. Organic Syntheses; Wiley: New York, 1990; Collect. Vol. VII, p 15.
39 Nagel and Hansen have reported difficulties when applying the Zieglar-Hafner strategy to the synthesis
of highly-alkylated azulenes, see: Nagel, M.; Hansen, H-J. Helv. Chim. Acta. 2000, 83, 1022.
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Concurrently, Nozoe and co-workers were examining new routes to azulenes
based on tropones.4 0 Nozoe demonstrated that malonate derivatives react with tropones
in the presence of alkoxide base to produce 1,2,3-substituted azulenes (e.g., eq 1).
Unfortunately, this approach does not work well with alkylated tropolone derivatives,
such as 3,5,7-trimethyltropolone. 4 '
40 Nozoe, T.; Matsumura, S.; Murase, Y.; Seto, S. Chem. Ind. 1955, 1257.
41 see Nagel, M; Hansen, H-J. Synlett 2002, 692, and references therein.
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Scheme 1
<CN CN
CN
11 _ _ NH2
NaOEt, EtOH
0 °C->rt, 1 h CN
10 87% 12
Together with Seto, Nozoe, Takase, and Yasunami found that these reactions
were proceeding via cycloheptafuranone intermediates.4 2 Subsequently, Nozoe and
Takase were able to employ an [8+2] cycloaddition of cycloheptafuranones with
enamines and other activated 2t components to synthesize substituted azulenes as well.43
The [8+2] cycloaddition is followed by spontaneous expulsion of CO2 and elimination of
an amine, thus forming the azulene. The reaction of cycloheptafuranone 13 with various
pyrrolidine enamines to produce 1,2-disubstituted azulenes 15 is illustrated in eq 2.44
This approach is useful for providing access to azulenes substituted primarily on the five-
membered ring. However, a major limitation to this route is the availability of the
requisite cycloheptafuranones. These compounds are not commercially available and
must be prepared from expensive tropone or tropolone compounds. Additionally,
substituted tropones, the precursors to azulenes with seven-membered ring substitution in
this case, must be synthesized via multistep processes.
42 Seto, S. Sci. Repts. Tohoku Univ. 1953, 37, 367.
43 (a) Nozoe, T.; Seto, S.; Matsumura, S.; Murase, Y. Bull. Chem. Soc. Jpn. 1962, 35, 1179. (b) Nozoe, T.;
Takase, K.; Fukuda, S. Bull. Chem. Soc. Jpn. 1971, 44, 2215. (c) Chen, A.; Yasunami, M.; Takase, K.
Tetrahedron Lett. 1974, 2581. (d) Yasunami, M.; Yang, P-W.; Kondo, Y.; Takase, K. Chem. Lett. 1980,
167. (e) Wakabayashi, H.; Yang, P.-W.; Wu, C.-P.; Shindo, K.; Ishikawa, S.; Nozoe, T. Heterocycles
1992, 34, 429 (f) Yasunami, M.; Miyoshi, S.; Kanegae, N.; Takase, K. Bull. Chem. Soc.Jpn. 1993, 66, 892
and references therein.
44 Yang, P.-W.; Yasunamni, M.; Takase, K. Tetrahedron Lett. 1971, 4275.
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R1 = R2
14
EtOH, reflux, 6-8 h
" 0 -C02
-pyrrolidine
R (2)(2)
13 29-90% 15
In 1989, Becker and Danheiser reported a new [3+2] annulation approach for the
synthesis of substituted azulenes. This method is based on the reaction of two
equivalents of tropylium tetrafluoroborate with various substituted allenylsilanes (eq 3)45
and is useful for synthesizing 1,2,3-trisubstituted azulenes in a regioselective manner. In
addition, access to 1,3-dialkylazulenes can be achieved via protodesilylation of the
annulation products. Unfortunately, this strategy has limited utility for the synthesis of
azulenes substituted on the seven-membered ring. Substituted tropylium derivatives are
often difficult to prepare and for this annulation are limited to those that bear no a-
hydrogens. Furthermore, when substituted tropylium derivatives are reacted with
allenylsilanes, a mixture of regioisomers is generated.
/SiMe 2 t-Bu R
R RI@
17
4-PVP or (MeO)3SiMe
CHCN, rt
(3)
16 44-63% 18
45 Becker, D. A.; Danheiser, R. L. J. Am. Chem. Soc. 1989, 111, 389.
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The fourth and final method for the synthesis of azulenes that will be discussed in
this chapter is based on the BUichner reaction. In the late nineteenth century, Bichner
discovered that diazo ketones react with benzene in the presence of copper to produce
cycloheptatrienes (eq 4).46 In this process, the metal carbenoid undergoes a cycloaddition
with a c bond of the benzene ring to furnish a norcaradiene intermediate (e.g., 21) that
subsequently undergoes a 6-electron electrocyclic ring opening to provide the
cycloheptatriene products (e.g., 22).4 7
0N,. J_
''Z/ 'OEt
20
Cu, 80 °C
] / -C 2Et (4)
J
19 21 22
Julia and Scott separately pioneered the application of the intramolecular Bichner
reaction in the synthesis of hydroazulenones.48 Copper was originally used to promote
the formation of the carbenoid species and the desired products were obtained in modest
yield after treatment with basic alumina or triethylamine (eq 5).
CuCI, PhBr
C / 0 156 C
N2
PA2U 3
or Et3N
>I- (5)
40-50%
0
23 24 25 26
46 Biichner, E.; Curtius, T. Chem. Ber. 1885, 18, 2371.
47 For a review, see Doyle, M. P.; McKervey, M. A.; Ye, T. Modern Catalytic Methods for Organic
Synthesis with Diazo Compounds; John Wiley & Sons: New York, 1998; pp 289-324.
48 (a) Costantino, A.; Linstrumelle, G.; Julia, S. Bull. Chem. Soc. Fr. 1970, 907, 912. (b) Scott, L. T. J.
Chem. Soc., Chem. Commun. 1973, 882.
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Subsequent advances in metal carbenoid chemistry have led to significant
improvements in the overall efficiency of this reaction. Rhodium carboxylates have been
identified as the most effective catalysts for the mild conversion of diazo ketones into
carbenoid intermediates.49 Consequently, McKervey reinvestigated the Julia and Scott
hydroazulenone synthesis and showed that reaction of diazo ketone 23 with catalytic
rhodium(II) trifluoroacetate in dichloromethane at room temperature produces the desired
hydroazulenone product in quantitative yield (eq 6).5" Scott further demonstrated the
utility of rhodium carboxylates as catalysts for the formation of hydroazulenones in an
Organic Syntheses procedure.5 '
0.01 eq Rh2 (0 2 CCF3 )4 (6)
CH2 CI2 , rt
1 nno/, 0
23 26
The intramolecular Biichner reaction efficiently produces hydroazulenones, but
these compounds still require additional dehydration and dehydrogenation steps for
conversion to the aromatic oxidation state of the azulenes. The dehydrogenation step
often requires harsh conditions, resulting in low yields of azulenes. For example,
treatment of hydroazulenone 26 with methanesulfonic acid and phosphorous pentoxide
produces azulene in only 30-50% yield (eq 7).52 In an application of this strategy to the
preparation of substituted azulenes, the reaction of Grignard reagents with 27 followed by
49 For a review, see ref. 47; pp 61-111.
50 McKervey, M. A.; Tuladhar, S. M.; Twohig, M. F. J. Chem. Soc., Chem. Commun. 1984, 129.
51 Scott, L. T.; Sumpter, C. A. Organic Syntheses; Wiley: New York, 1993; Collect. Vol. VIII, p 196.
52 Scott, L. T.; Minton, M. A.; Kirms, M. A. J. Am. Chem. Soc. 1980, 110, 6311.
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dehydration and dehydrogenation resulted in even lower yields of the desired azulenes
(eq 8).52
CH3SO3H
P20 5 , 60
0 C \C (7)
'3njno/"
26, u
26 9
R2Mg R 10% PdC R
~o 4 0c / (8)
e2
R1 = H, R2 = CH3 51% R1 = H, R2 = CH 3 27%
27 R1, R2 = CH3 96% 28 R1 , R2 = CH3 15% 29
The intramolecular Biichner reaction is an attractive method for the preparation of
the bicyclo[5.3.0] ring system of azulenes for two reasons. First, with advances in
methods for the generation of the metal carbenoids, the intramolecular BUichner reaction
has now become a mild and efficient reaction. Second, a multitude of benzene
derivatives are commercially available, and this method thus has the potential to provide
access to a variety of azulenes with varied substitution on the seven-membered ring.
However, as mentioned above, the conversion of hydroazulenones into azulenes is
generally not an efficient process. Consequently, the aim of our studies has been to
devise a new variant of the intramolecular Buichner strategy that would deliver azulene
derivatives directly and without the need for elevated temperatures or harsh reagents to
effect dehydration and/or dehydrogenation. This proposed method would be a "ring
25
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expansion-annulation" in which the seven- and five-membered ring of azulene are
formed in a single reaction.
Attempts to Synthesize Azulenes via an Intramolecular Biichner Reaction
A number of ring expansion-annulation approaches to the synthesis of azulenes
involving the intramolecular Bichner reaction were investigated in the Danheiser
laboratory prior to my work. Three of these strategies will be discussed briefly in this
chapter.53 I have made contributions to two additional ring expansion-annulation
methods which will be discussed in detail in the following two chapters.
The Diazo Enone Strategy
The most logical modification of the aforementioned hydroazulenone synthesis
involves the installation of a double bond in the original diazo ketone, thus achieving an
additional degree of unsaturation prior to the cycloaddition step. This "diazo enone
strategy" is outlined in Scheme 2. When exposed to a rhodium catalyst, diazo enone 30
was expected to produce a rhodium carbenoid that would participate in a cycloaddition
reaction with the benzene ring to furnish a norcaradiene-type intermediate 31.
Subsequent 6-electron electrocyclic ring opening would then afford azulenone 32 which,
upon tautomerization, would produce hydroxyazulene 33. With this strategy there clearly
would be no need for a separate dehydrogenation step.
53 For a detailed discussion of these three strategies, see Kane, J. L., Jr. New Methods for Constructing
Polycyclic Aromatic Systems. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, May
1994; pp 39-70.
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Scheme 2
It should be noted that in this approach the tautomerization provides access to 1-
hydroxy azulene derivatives. Although little is known about this class of azulenes, it has
been found that they are unstable at room temperature.5 4 However, given the ease of
trapping enolates to form various ester derivatives, we did not foresee this as a limitation.
In fact, it was hoped to use this oxygen substituent as a handle for subsequent carbon-
carbon bond forming reactions to further functionalize the five-membered ring.
Specifically, it was planned to convert the aryl hydroxyl into an aryl
trifluoromethanesulfonate (e.g., 34) that could participate in various coupling reactions to
form azulenes substituted at the C-1 position (e.g., 35).
Scheme 3
G od ~ ~ ~ A d'N.~ ~Transition Metal-Mediated 
Cross Coupling
RM
N2 OTf M = Sn, Zn, B R
30 34 35
54 (a) Asao, T.; Ito, S.; Morita, N. Tetrahedron Lett. 1989, 30, 6693. (b) Asao, T. Pure Appl. Chem. 1990,
62, 507.
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Former group members Ronald Brisbois and Dr. Hiroo Koyama studied this
proposed transformation of diazo enones to hydroxyazulene derivatives. For the purpose
of establishing the feasibility of the reaction, the P,P-diphenyl substituted derivative 3655
was synthesized to ensure the requisite cis relationship between the two reactive sites. As
shown in eq 9, exposure of diazo enone 36 to a catalytic amount of rhodium acetate,
followed by acetic anhydride, furnished three isomeric products in near quantitative
yield. Some of the desired azulene product 37 was obtained along with two isomeric
naphthalenes 38 and 39 (eq 9). The formation of product 38 is believed to result from
carbenoid insertion into an ortho C-H bond on the benzene ring, while naphthalene 39 is
likely formed via Wolff rearrangement to generate a vinylketene followed by a 6-i7
electrocyclic closure. Unfortunately, the mixture of isomeric products could not be
separated, and under a variety of conditions, the formation of the naphthalenyl
byproducts could not be suppressed. Consequently, the diazo enone strategy could not be
developed into a useful method for the synthesis of azulenes.
Ph Ph . Ph
... Ph
cat. Rh2(OAc) 4ON / + +
CH2CI2, 40 °C; /
then Ac2 0 OAc OAc
---- ~~~~~~Ofc
N, 96%
(9)
33: 22 :44
36 37 38 39
55 Tsuji, J.; Nagashima, H. Tetrahedron 1984, 40, 2699.
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The Alkylidenecarbene Strategies
The next strategy investigated in our laboratory employed the use of an
alkylidenecarbene in the cycloaddition step as shown in Scheme 4.
Scheme 4
I 
40 41 42 43 
This strategy seemed particularly attractive due to the number of methods
available for generating alkylidenecarbenes, including flash vacuum pyrolysis56 and via
the reaction of carbonyl compounds with diazomethylphosphonates (DAMP).5 7 John
Kane investigated this approach and initially employed the reaction of DAMP with
ketones to generate the requisite alkylidenecarbene. DAMP is commonly used for one-
carbon homologation of aldehydes or ketones to alkynes via initial formation of
alkylidenecarbenes.58 This reactive intermediate can be intercepted under the proper
conditions by alkenes before it rearranges to form an alkyne.59
Initially, studies were conducted using enone 44, which has the requisite cis
relationship between the alkylidenecarbene and the benzene ring. Unfortunately, DAMP
did not react with enone 44 (eq 10) under a number of conditions involving variations in
56 (a) Trahanovsky, W. S.; Emeis, S. L.; Lee, A. S. J. Org. Chem. 1976, 41, 4044. (b) Brown, R. F. C.;
Eastwood, F. W. J. Org. Chem. 1981, 46, 4588.
57 (a) Seyferth, D.; Marmor, R. S. J. Org. Chem. 1971, 36, 128. (b) Seyferth, D.; Marmor, R. S.; Hilbert, P.
J. Org. Chem. 1971, 36, 1379. (c) Regitz, M. Liebigs Ann. Chem. 1971, 748, 207.
58 (a) Colvin, E. W.; Hamill, B. J. J. Chem. Soc., Chem. Commun. 1973, 151. See also (b) Colvin, E. W.;
Hamill, B. J. J. Chem. Soc. Perkin Trans. 1 1977, 869.
59 Gilbert, J. C.; Weerasooriya, U.; Giamalva, D. Tetrahedron Lett. 1979, 44, 4619.
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the base, temperature, and reaction time. This result, while disappointing, was not so
surprising. It had been reported previously that the low electrophilicity of a,P-
unsaturated ketones causes them to be poor substrates in reactions with DAMP. In these
cases, DAMP tends to undergo self-condensation more rapidly than addition to the
carbonyl group. In addition, switching to the corresponding aldehyde 46 (with a more
electrophilic carbonyl group) efficiently produced the undesired terminal acetylene 48 (eq
11). This result was not unexpected based on the well-documented facility of the C-H
insertion in alkylidenecarbenes derived from aldehydes.58
0
2.0 equiv N2 , P(OEt) 2
45
KOf-Bu, THF
No Reaction (10)
-78 °C to rt, 20 h
or
'CH. r 1f h
_- - -,~ xI., * v i
44
Ph
Ph 2.0 equiv DAMP
KOt-Bu
THF, -78 °C
H 80%
H
46 47 48
John Kane also investigated the generation of alkylidenecarbenes from a-
silyldiazo ketones. The ability of alkyl and aryl a-silyl diazo ketones to rearrange to
30
| , X (11)
H1
alkylidenecarbenes was first demonstated by Maas and BrUckmann.60 Kane prepared
a-silyldiazo enone 49 to test the feasibility of its participation in the BUchner reaction to
give rise to azulenes. Thermolysis of diazo enone 49 in refluxing benzene did provide
some of the desired azulene 50, but in low yield and as the minor product (eq 12).
Unfortunately, as in the case of the diazo enone strategy, the reaction was complicated by
competing processes and the naphthalenic isomer 51 was produced as the major product.
Ph Ph Dk
benzene
.SiR3 80 C, 5h
42%
+ (12)
OSiR3
49 50 1:3 51
In summary, difficulties were encountered in all of the strategies described thus
far. All modifications in the intramolecular BUichner reaction precursor had drastically
changed the outcome of the reaction. While substrates like diazo ketone 13 could be used
to synthesis hydroazulenes, a,p-unsaturated enones were not useful substrates in this
reaction. Clearly, the incorporation of unsaturation in the starting materials was
complicating the reaction. Based on this analysis, the focus was then changed to utilizing
masked olefins during the crucial ring expansion-annulation step.
60 (a) Maas, G.; Briickmann, R. J. Org. Chem. 1985, 50, 2801. (b) BrUckmann, R.; Maas, G. J. Chem. Soc.,
Chem. Commun. 1986, 1782. (c) Briickmann, R.; Maas, G. Chem. Ber. 1987, 120, 635.
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The Benzofuranone Strategy
Initially, a strategy based on a diazo-substituted benzofuranone was devised as
shown below. It was envisioned that diazo ketone 52 would produce the noracaradiene
intermediate 53, followed by formation of tricycle 54, electrocyclic ring opening, alkene
migration, and tautomerization to provide enol 55. At this point, the olefin is unmasked
via a retro [8+2] cycloaddition to introduce the final degree of unsaturation and
ultimately furnish 1-hydroxyazulene (33). Unfortunately, John Kane found the synthesis
of benzofuranone 52 to be more difficult then originally anticipated, and the key
annulation-ring expansion reaction (52-+33) was never investigated.
Scheme 5
With efforts suspended on the benzofuranone route, the focus next turned to a
promising new ring expansion-annulation strategy. This method, based on a -halo diazo
32
I X 0_
OH
N2 O 33
52 A i
retro [8+2]
Rh(11) -CO2
_ Oe0
6-19F 0
00- 
53 54 55
ketone, ultimately was developed into an attractive and successful route to synthesize
substituted azulenes from readily available benzenoid derivatives. Details of this
approach are the subject of the next chapter.
As discussed in the subsequent chapters in Part I of this thesis, the objectives of
my research have included the following goals.
· Further optimize and scale-up the synthesis of azulenes via the P-halo diazo
ketone strategy that was pioneered by John Kane (Chapter 2).
· Investigate a new ring expansion-annulation strategy based on
cycloheptafuranones (Chapter 3).
* Investigate transition metal-mediated carbon-carbon bond forming reactions
utilizing ring expansion-annulation products (Chapter 4).
* Develop syntheses of oligomeric azulenes (Chapter 5).
* Develop the synthesis of azulenylamino acid derivatives (Chapter 6).
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Chapter 2
Synthesis of Azulenes via the ,-Halo Diazo Ketone Strategy
Chapter 1 described several approaches to the synthesis of azulenes via ring
expansion-annulation strategies that were investigated in our group. While these studies
were not fruitful, much information was gained and John Kane was ultimately able to
develop a successful strategy based on the intramolecular Biichner reaction of n-halo
diazo ketones.6 62
The -halo diazo ketone strategy employs diazo ketones substituted with a
leaving group in the P-position to the carbonyl group. As outlined in Scheme 6, it was
believed that reaction of such diazo ketones under standard Buchner conditions would
effect the desired ring expansion-annulation leading to hydroazulenone 58. All that is
required at this point to achieve the azulenyl core is simple elimination of HX, followed
by tautomerization. Installation of the final degrees of unsaturation would thus occur
under mild conditions, unlike the elevated temperatures required in azulene syntheses
involving dehydrogenation.
61 For a detailed discussion of this strategy, see Kane, J. L., Jr. New Methods for Constructing Polycyclic
Aromatic Systems. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, May 1994; pp
71-101.
62 Kane, J. L., Jr.; Shea, K. M.; Crombie, A. L.; Danheiser, R. L. Org Lett. 2001, 3, 1081.
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Scheme 6
cat. Rh(ll)
carbenoid
addition to
,-bond
56
x
Tao~
57
6-electron
electrocyclic
ring opening
OH
-HX
elimination,
tautomerization
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Synthesis of Ring Expansion-Annulation Substrates
Many methods for the synthesis of azulene are crippled by the lack of availability
of the starting materials required in these approaches. In our case, it was necessary to
devise an efficient protocol for the .synthesis of the requisite -halo diazo ketone
substrates for the key ring expansion-annulation reaction. The ultimate goal was to
provide access to azulenes with a wide variety of substitution on both the five and seven-
35
58
membered rings. Therefore, we sought methods mild enough to tolerate a range of
functional groups and which would involve a limited number of steps from readily
available starting materials. Efforts were focused on using commercially accessible
benzenoid compounds as precursors to the desired diazo ketones. A retrosynthetic
version of the strategy is shown in Scheme 7. 3-Halo diazo ketones 59 are available from
the 3-halo acids 60 via standard Arndt-Eistert protocol. These carboxylic acids can
originate from cinnamic acid derivatives 61 using hydrohalogenation. Many cinnamic
acid derivatives are commercially available, and those that are not can easily be prepared
from the corresponding aromatic aldehydes by the Doebner-modified Knoevenagel
condensation as illustrated below for the preparation of 66.63 In the course of my research
on the synthetic elaboration of azulene derivatives (see Chapters 4-6), it was necessary to
prepare large quantities of this cinnamic acid. As outlined in eq 13, the requisite iodo
aldehyde 64 was prepared from commercially available iodo benzyl alcohol 63 in good
yield.64 Condensation of aldehyde 64 with malonic acid led to the desired iodo cinammic
acid 66.
Scheme 7
l V I
II
N2
59 60 61 62
63 Larock, R. C.; Doty, M. J. J. Org Chem. 1993, 58, 4579.
64 Berry, J. M.; Watson, C. Y.; Whish, W. J. D.; Threadgill, M. D. J. Chem. Soc. Perkin Trans. 1997,
1147.
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' <CL 2H CCHO
= R == R ==
I
PCC
CH2CI 2
rt, 4h
91%
63
CHO
CO2 H
CO 2H
65
piperdine, pyr
115 C, 16h
88%
64 66
Attempts to convert the cinnamic acid derivatives to P-halo diazo ketones by
hydrohalogenation with HBr or HC1 were initially unsuccessful. However, the
difficulties encountered could be circumvented by using a procedure introduced by
Kropp,65 in which hydrohalogenation is conducted in the presence of a suitable surface
agent such as activated alumina or silica gel. Kane was able to synthesize a number of P-
bromo carboxylic acids using this method, including 68, as shown in eq 14.66
Unfortunately, the addition of HC1 to form the corresponding P-chloro acid could not be
achieved under similar conditions.
HBr, SiO2
CH2CI2, rt, 20 h
74%
Br
[ CO 2 H
68
As previously demonstrated by Chapman and coworkers, [3-bromo carboxylic
acid 68 can be converted into the corresponding diazo ketone via treatment with oxalyl
65 Previously, this procedure has only been applied to the reaction of simple alkenes and alkynes with HX,
see: (a) Kropp, P. J.; Daus, K. A.; Crawford, S. D.; Tubergen, M. W.; Kepler, K. D.; Craig, S. L.; Wilson,
V. P. J. Am. Chem. Soc. 1990, 112, 7433. (b) Kropp, P. J.; Daus, K. A.; Tubergen, M. W.; Kepler, K. D.;
Wilson, V. P.; Craig, S. L.; Baillargeon, M. M.; Breton, G. W. J. Am. Chem. Soc. 1993, 115, 3071.
66 Activated silica gel is prepared by heating at 200 °C under vacuum (ca. 0.1 mmHg) for 2 days.
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67
(14)
(13)
chloride and diazomethane.6 7 John Kane found that this three step Amdt-Eistert protocol
provides access to several substituted P-bromo diazo ketones without incident and in
good yield. Additionally, only one purification is necessary for this three-step process.
Table 1. Preparation of P-Bromo Diazo Ketones
CCO2H
1. HBr-SiO2
CH2CI 2, rt, 20-300 h
2. 1.2 equiv (COCI)2
PhH, 65 °C, 15-18 h
3. 4.0 equiv CH2N2
Et2O, 0 °C -,rt, 1-3 h
Br
N2
61 69
entry cinnamic Acid diazo ketone overall yield from
cinnamic acid (%)
1 67 (R = H) 70 60
2 71 (R = 2-C1) 72 51
3 66 (R = 2-I) 73 51
4 74 (R = 3-i-Pr) 75 51-60
5 76 (R= 3-Br) 77 55
6 78 (R =3-CF3) 79 30
7 80 (R = 4-Me) 81 47
8 82 (R =4-C1) 83 51
9 84 (R = 3,4-di C1) 85 45
Subsequent work in our laboratory by Kevin Shea let to slight modifications of
the route to f-bromo diazo ketones pioneered by John Kane. Specifically, it was found
that incomplete conversion of cinnamic acid 67 to the corresponding bromo carboxylic
acid 68 was occurring under the original reaction conditions. By subjecting the reaction
67 Rosenquist, N. R.; Chapman, O. L. J. Org. Chiem. 1976, 41, 3326
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mixture to two doses of HBr, the overall yield of the three-step process could be
improved from 60 to 69%. I have found this process to be highly reproducible and in fact
have obtained the desired diazo ketone in 71% overall yield via this three-step protocol
(eq 15).
1. HBroSiO2, CH2CI 2
rt, 20 h, then HBr, 4 h Br
3. 3.4 equiv CH2N2
Et2O, 0 C -rt, 1 h
N2
67 71% 70
In order to support my studies on the transition metal-mediated reactions of
azulene derivatives (see Chapters 4-6), it was necessary to carry out the synthesis of
several p-bromo diazo ketones on a larger scale than had previously been attempted in
our laboratory. Three cases, entries 1, 3, and 8) in particular were of interest in this
regard. The transformation of cinnamic acid 67 to bromo acid 68 has been performed on
approximately a 10-g scale and subsequent conversion to diazo ketone 70 has been
conducted on nearly a 7-g scale. Both reactions proceeded without incident.
Additionally, hydrobromination of cinnamic acids 66 and 82 have been conducted on 11
and 3-g scales, respectively, and formation of the corresponding diazoketones 73 and 83
were performed on 5- and 2-g scales, repectively (e.g., eq 16)
Br
1. HBr.SiO 2, CH2 CI2
~ -~~.C02H 2. (COCI)2, PhH, 65 °C, 16 h (16)
CI 3 ~~~3. CH2N2
Et20, 0 C -- rt, 1 h
N2
59%82 83
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Also noteworthy was the finding that the amount of diazomethane could be
reduced to as low as 2 equivalents without significantly affecting the outcome of the
reaction (eq 17).
1. HBr.SiO2, CH2CI 2 I Br
2. 1.2 equiv (COC1)2
,C02 H PhH, 65 C, 16 h (17)
3. 2.0 equiv CH2 N2
Et2 0, 0 C -- rt, 1 h
N2
66 50% 73
The nature of the substituent on the benzene ring directly influences the
hydrobromination step. Longer reaction times are required for cinnamic acids which
incorporate an electron-withdrawing group and some severely electron-poor cinnamic
acids are completely unreactive to the HBr addition conditions. As illustrated below, in
these cases, benzylic halogenation of phenylpropionic acids has been employed to
produce the requisite -bromo carboxylic acids. This alternative protocol was also useful
for the regioselective conversion of a-methylcinnamic acid into the corresponding P-
bromo acid. These acids were then transformed into the desired diazo ketones using our
standard conditions.
40
Table 2. Preparation of ,-Bromo Diazo Ketones
R2
R1+ 
CO 2 H
1. 1.2 equiv NBS, cat. AIBN
sunlamp, CCI4, 80 °C, 1-3 h
2. 1.2 equiv (COCI)2, PhH
65 °C, 15-18 h
3. 4.0 equiv CH2N2, Et2O
0 °C - rt, 1-4h
Br
R
N2
86 87
entry hydrocinnamic Acid diazo ketone overall yield from
cinnamic acid (%)
1 88 (R = 4-NO2, R = H) 89 28
2 90 (R = 4-CN, R' = H) 91 41
3 92 (R = H, R' =Me) 93 60
Feasibility of the Ring Expansion-Annulation Reaction
With access to variety of ,-bromo diazo ketones, John Kane was able to test the
feasibility of the key intramolecular Buchner reaction. Investigations were begun by
studying the ring expansion-annulation of diazo ketone 70 (eq 18). The desired cascade
was initiated with catalytic rhodium(II) acetate and the resulting hydroazulenone was
treated with 4-(dimethylamino)pyridine to effect the tautomerization and elimination. As
mentioned earlier, 1-hydroxyazulenes are unstable compounds at room temperature and
their isolation was therefore not attempted. Instead, acetic anhydride was added as a
trapping agent to form -acetoxyazulene (94). Under these conditions, the desired
product was isolated, albeit in disappointingly low yields.
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0.01 equiv Rh2(OAc) 4 (18)
then 5.0 equiv Ac20O
3.0 equiv DMAP OAc
CH 2CI2, 40 °C
70 20% 94
Hopeful that modifications of the initial conditions would lead to significant
improvements in the yield, John Kane undertook optimization studies. It was quickly
found that the reaction proceeded in slightly higher yields at room temperature rather
than at 40 C. Although, the reaction did take place in diethyl ether and benzene, TLC
analysis revealed the presence of numerous products resulting from side reactions, and
dichloromethane appeared to be the solvent of choice for the reaction. It was also found
that rapid addition of the diazo ketone led to increased dimerization of the carbenoid
intermediate. Incorporation of these modifications led to modest increases in the yield of
the desired azulene, however, significant improvements were realized with catalyst
variations.
It has previously been shown that the outcome of reactions involving rhodium
carbenoids can be affected by the choice of the ligand attached to the metal center.6 8
Specific improvements have been seen by employing soluble rhodium(II) carboxylates
rather than rhodium(II) acetates. Kane screened a variety of rhodium carboxylates for the
ring expansion-annulation and found that rhodium(II) pivalate is the optimal catalyst for
this transformation, providing 1-acetoxyazulene in 72% yield.
68 For a review see: (a) Padwa, A.; Krumpe, K. E. Tetrahedron 1992, 48, 5385. (b) Doyle, M. P.; Ren, T.
The Influence of Ligands on Dirhodium(II) on Reactivity and Selectivity in Metal Carbene Reactions:
Progress in Inorganic Chemistry; Wiley & Sons: New York, 2001; Vol. 49 and references cited therein.
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Table 3. Effect of Rhodium Catalyst on Ring Expansion-Annulation
Br
0.01 equiv Rh(ll) catalyst
then 5.0 equiv Ac2O 
3.0 equiv DMAP
CH2CI2, rt
70 94
entry catalyst yield (%)
1 Rh2(02CC3 F 7)4 19
2 Rh2(0 2 CCPh3 )4 30
3 Rh 2(02 CC7 H 5)4 38
4 Rh2(OAc)4 20-46
5 Rh2 (OCOt-Bu)4 72
Scope of the Ring Expansion-Annulation Strategy
Having determined optimal conditions for the key ring expansion-annulation
reaction, Kane next set forth to define the scope and limitations of the reaction. The
procedure is fairly general, providing access to azulenes substituted on both the five- and
seven-membered ring in modest to good yields. The reaction tolerates the incorporation
of both electron-donating alkyl substituents (entries 2, 5, and 8) and electron-withdrawing
substituents (e.g., nitro and cyano, entries 10 and 11). The ring expansion-annulation also
displays excellent regioselectivity, so that ortho and meta substituted diazo ketones
provide exclusively 4- and 5-substituted azulenes, respectively (e.g., entries 3 and 5).
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Despite reports by Scott claiming that the intramolecular Blichner reactions of haloarenes
fail,5 "'69 our method supplies a variety of seven-membered ring halogenated azulenes.
These halo-substituted azulenes are of particular interest due to their potential ability to
participate in transition metal-mediated carbon-carbon bond forming reactions to further
elaborate the seven-membered ring. The table below incorporates optimized results for all
1-acetoxyazulenes that have been synthesized in our lab.
69 Scott's report is peculiar considering other groups have reported BUichner-type reactions of haloarenes.
For examples, see: (a) Hrytsak, M. Durst, T. J. Chem. Soc., Chem. Commun. 1987, 1150. (b) Doyle, M.
P.; Shanldin, M. S.; Oon, S. -M.; Pho, H. Q.; van der Heide, F. R.; Veal, W. R. J. Org. Chem. 1988, 53,
3386. (c) Doyle, M. P.; Shanklin, M. S.; Pho, H. Q. Tetrahedron Lett. 1988, 29, 2639.
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Table 4. Synthesis of 1-Acetoxyazulenes
Br
R1- - 0
N287
0.01 equiv Rh2(OCOt-Bu)4
then 5.0 equiv Ac20
3.0 equiv DMAP
CH 2CI2 , rt
R1 R2
OAc
95
entry diazo ketone 1-acetoxyazulene yield (%)
1 70 (R, R' = H) 94 (R, R' = H) 72
2 93 (R = H, R' = Me) 96 (R = H, R' = 2-Me) 58
3 72 (R = 2-C1, R' = H) 97 (R = 4-C1, R' = H) 61
4 -- 73 (R = 2-I, R' = H) 98 (R = 4-I, R' = H) 73
5 75 (R = 3-ispropyl, R' = H) 99 (R = 5-ispropyl, R' = H) 5370
6 77 (R = 3-Br, R' = H) 100 (R = 5-Br, R' = H) 39
7 79 (R = 3-CF 3, R' = H) 101 (R = 5-CF 3, R' = H) 40
8 81 (R =4-Me, R' =H) 102 (R =6-Me, R' =H) 47
9 83 (R = 4-C1, R' = H) 103 (R = 6-C1, R' = H) 61
10 89 (R = 4-NO2, R' = H) 104 (R = 6-NO2, R' = H) 21
11 91 (R= 4-CN, R' = H) 105 (R = 6-CN, R' = H) 39
12 85 (R = 3,4-di C, R' = H) 106(R = 5,6-di C1, R' = H) 19
All ring expansion-annulation products discussed to this point have been 1-
acetoxyazulenes. It is important to note that additional azulenyl esters have been
synthesized in our lab. In the course of my research on the synthesis of biazulenes and
70 The ring expansion annulation of meta isopropyl derivative 75 was conducted in diethyl ether.
Treatment under the standard conditions in dichloromethane, results in the formation of a naphthyl isomer,
see: Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, May 1994; pp 92-94.
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other oligomeric azulenes (see Chapter 5), it was necessary to synthesize
iodoazulenylpivalate 107. The synthesis of this azulene is simply achieved in good yield
by trapping the corresponding 1-hydroxyazulene derivative with pivaloyl chloride (eq
19). In addition, this reaction can be conducted on a 2-g scale without incident.
I Br
0.01 equiv Rh(OCOt-Bu)4
then 1.1 equiv pivaloyl chloride
3.0 equiv DMAP
CH2CI2, rt
(19)
76%
73 107
As previously mentioned, we were interested in using the C-1 oxygen substituent
as a handle for further synthetic elaboration of the five-membered ring. Synthesis of a
trifluoromethanesulfonate derivative of the 1-hydroxyazulene could allow for the use of
transition metal-mediated carbon-carbon bond forming reactions to achieve this goal.
John Kane investigated several conditions for the trifluoromethylsulfonylation of
hydroxyazulene 33. It was discovered that reaction with triflic anhydride at room
temperature led to the formation of the desired triflate 34, contaminated with over-
triflated azulenyl products. Eventually, Kane found the most effective reagent for the
desired transformation to be N-phenyltrifluoromethanesulfonimide (N-phenyltriflimide).
Utilization of N-phenyltriflimide in our general procedure provided the desired azulenyl
triflate 34 in approximately 64% yield, but the product could not be isolated completely
free of solvent due to its instability (eq 20).
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Br 0.01 equiv Rh2(OPiv) 4
then 1.0 equiv PhNTf2
3.0 equiv DMAP / (20)
CH2CI 2, rt
S0. 64% 2CF3ca. 64%
70 34
Unlike other aryl triflates and the acetoxyazulene derivative that had previously
been prepared, azulenyl triflate 34 proved to be rather unstable. The compound is
relatively stable in solution, but rapidly polymerizes to an intractable black solid when
concentrated. Although azulenes have a tendency to decompose via radical pathways, we
believe that 34 is more prone to decomposition via triflate hydrolysis.71 To circumvent
this problem, we recently attempted the synthesis of the nonafluorobutanesulfonate
derivative of 1-hydroxyazulene 108 using nonafluorobutanesulfonyl fluoride (eq 21).
Aryl nonaflates are generally stable to column chromatography and are highly reactive in
palladium-catalyzed cross coupling reactions.7 However synthesis of azulenyl nonaflate
108 was never achieved. Color changes in the reaction mixture suggested that initially
azulenyl derivatives were produced, but these compounds appeared to undergo rapid
decomposition.
71 Bubbling oxygen through a solution of 34 in THF produced no detectable decomposition.
72 (a) Subramanian, L. R.; Bentz, H.; Hanack, M. Synthesis 1973, 293. (b) Rttlander, M.; Knochel, P. J.
Org. Chem. 1998, 63, 203. (c) Zimmer, R.; Webel, M; Reissig, H. U. J. Prakt. Chem./Chem.-Ztg. 1998,
340, 274. (d) Wada, A.; Ieki, Y.; Ito, M. Synlett 2002, 1061. (e) Lyapkalo, I. M.; Webel, M.; Reissig, H.
U. Eur. J. Org. Chem. 2002, 3646. (f) Anderson, K. W.; Mendez-Perez, M.; Priego, J.; Buchwald, S. L. J.
Org. Chem. 2003, 68, 9563.
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-I -
u.ul equlv Kn2 (UJlIV)4
then 1.0 equiv CF3(CF2) 3SO2 F D
3.0 equiv DMAP
-----------------------------. (21)
CH2CI 2, rt
OSO2 (CF2 )3CF 3
N2
70 108
NOT OBSERVED
In these initial studies, John Kane had demonstrated that the P-halo diazo ketone
strategy is a highly successful and efficient route to substituted azulenes. The method
employs the use of readily available starting materials and achieves the synthesis of
azulenes substituted on both the five- and seven-membered rings regioselectively.
Recent advances and modifications of the strategy conducted in our lab have expanded
the scope and proved the method's versatility. We recognized the potential to further
display the synthetic utility of the P-halo diazo ketone strategy by using both the azulenyl
halides and triflates that are available by our method in transition metal-mediated carbon-
carbon bond forming reactions to further elaborate both the five- and seven-membered
rings. Chapter 4 will discuss the development of these reactions in detail. The next
chapter, however, first discusses another ring expansion-annulation strategy which I
explored that is based on the formation of cycloheptafuranones via alkylidenecarbenes.
48
_· NA__ :, c Bo.,
wChapter 3
Attempts to Synthesize Azulenes via Cycloheptafuranones
In an attempt to improve on the -halo diazo ketone strategy, we undertook the
development of a new ring expansion-annulation strategy based on cycloheptafuranones.
It will be recalled (see Chapter 1) that these systems react with electron rich alkenes in
[8+2] cycloadditions to afford products that undergo [8+2] cycloreversion (with loss of
CO2) and then elimination to furnish azulenes. Current methods of synthesizing
cycloheptafuranones require many steps and do not accommodate highly-substituted
systems, thus severely limiting the usefulness of this strategy for synthesizing azulenes.
As outlined in the following scheme, it occurred to us that the intramolecular
Bitchner reaction of an alkylidenecarbene of type 110 might furnish a very attractive
route to cycloheptafuranones (e.g., 112). The requisite carbene could be generated by
reaction of DAMP and related reagents with the ketone 109, which could be obtained by
esterification of a phenol. Overall, this strategy would only require three steps: (1)
esterification of the substituted phenol; (2) reaction with DAMP (or other reagents) to
generate the alkylidenecarbene and then the cycloheptafuranone; and (3) addition of an
election rich alkene (112-115).
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R--- 03 R
109 110 111
R'
R 2<R
R3 R
112
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R5 R4
r
;R -ZH
L
115 114
R 0 z
-0R 2
R 113
113
As mentioned in Chapter 1 in the discussion of the Nozoe-Takase-Yasunami
synthesis of azulenes, the conversion of cycloheptafuranones (e.g. 13) to azulenes via
[8+2] cycloadditions is well precedented.434 4 Nozoe, Takase, and Yasunami have
reported numerous examples of cycloheptafuranones (generated from the addition of
active methylenes to substituted tropones) undergoing regioselective cycloadditions with
enamines followed by cycloreversion to expel carbon dioxide (e.g., eq 2 and 22). Initial
reports were followed by several papers detailing the [8+2] reactions with other two-
carbon components such as enamine derivatives of cyclic and acyclic aldehydes and
ketones,73 vinyl ethers,74 acetals,75 orthoesters,76 furan,77 and thiophene derivatives.7 An
73Yasunami, M.; Chen, A.; Yang, P. -W.; Takase, K. Chem. Lett. 1980, 579.
74Nozoe, T.; Yang, P. -W.; Wu, C. -P.; Huang, T. -S.; Lee, T. -H.; Okai, H.; Wakabayashi, H.; Ishikawa, S.
Heterocycles 1989, 29, 1225.
75Nozoe, T.; Wakabayashi, H.; Ishikawa, S.; Wu, C. -P.; Yang, P. -W. Heterocycles 1990, 31, 17.
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Scheme 8
Wexample of the use of this chemistry to synthesize a polycyclic azulene is illustrated in eq
22.79 Recently, Tung and co-workers have reported a variant of this [8+2] cycloaddition
under high temperatures and pressures in which ketene acetals are used as the 27
component.80
116
tol, 100 C, 4h
34%
-0o
-NHR2
(22)
13 117 118
We hoped to further extend the scope of this cycloaddition/cycloreversion process
to include a variety of electron-rich alkenes (e.g., silyl enol ethers) and alkynes, so as to
provide azulenes with additional substitution on the five-membered ring. These
proposed advances, together with the work previously done by Takase and Yasunami,
would allow access to a wide variety of azulenes from cylcoheptafuranones.
The major challenge associated with developing the proposed strategy was to
achieve the desired transformation of 109 to cycloheptafuranones. At first inspection, the
76Nozoe, T.; Wakabayashi,'H.; Shindo, K.; Ishikawa, S.; Wu, C. -P.; Yang, P. -W. Heterocycles 1991, 32,
213.
77Wakabayashi, H.; Yang, P. -W.; Wu, C. -P.; Shindo, K.; Ishikawa, S.; Nozoe, T. Heterocycles 1992, 34,
429.
78 Fujimori, T.; Fujita, T.; Yamane, K.; Yasunami, M.; Takase, K. Chem. Lett. 1983, 1721.
79 Kuroda, S.; Mouri, M; Hayashi, K.; Oda, M.; Yamada, M.; Shimao, I.; Osaki, H.; Yasunami, M. Chem.
Lett. 1994, 85.
80 Pham, W.; Weissleder, R.; Tung, C-H. Tetrahedron Lett. 2002, 43, 19.
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proposed carbene addition reaction (110 111) might appear problematic because of the
strain associated with intermediate 111. However, Trahanovsky56 a and Brown56b have
provided precedent for the feasibility of this step in their finding that phenyl propiolate
and phenyl tetrolate form cycloheptafuranone upon flash vacuum pyrolysis, albeit in
variable yields. Trahanovsky originally thought that the mechanism of this reaction
involved a Claisen-type rearrangement to form 120, which then forms
cycloheptafuranone 13 via an electrocyclic ring opening and subsequent cyclization.
Scheme 9
Several years later, however, Brown and coworkers reexamined this reaction and
suggested that formation of an alkylidenecarbene intermediate was the first step in the
mechanism as shown below. It was suggested that alkylidenecarbene 123 then
participates in a BUchner-like reaction with the at bond of the aromatic ring leading to
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L.
FVP
I I Claisen
v, V P..
M
119 120
electrocyclic
ring opening
I 
C/K 0 <
H
13 121
.- I
tricyclic lactone 124, which provides the product via an electrocyclic ring opening. Their
proposal was inspired by previous studies in Brown's group on the mechanism of certain
acetylene isomerizations that had been found to occur via alkylidenecarbene
intermediates. 8 '
Scheme 10
In subsequent work, Brown and co-workers also demonstrated that
alkylidenecarbenes can be generated under FVP conditions from alkyl propiolates8 2 and
Meldrum's acid derivatives,8' and they further showed that these intermediates will
undergo typical carbene reactions, including C-H insertions (eq 23) and BUichner-type
reactions to form azulenes (eq 24), albeit in extremely low yields.
8sBrown, R. F. C.; Eastwood, F. W.; Harrington, K. J.; McMullen, G. L. Aust. J. Chem. 1974, 27, 2393.
82(a) Brown, R. F. C.; Eastwood, F. W.; Jackman, G. P. Aust. J. Chem. 1977, 30, 1757. (b) Brown, R. F.
C.; Eastwood, F. W.; Chaichit, N.; Gatehouse, B. M.; Pfeiffer, J. M.; Woodroffe, D. Aust. J. Chem. 1981,
34, 1467.
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o~ FP0 0
Me
122 123
/K0 000
Me
125 124
Ph H
Ph 1260
126
0
O
128
650 °C
5%
Ph
127
550-700 °C
5%
129
Subsequent to our work in this area, Hansen and co-workers employed FVP to
generate alklidenecarbenes in a three step synthesis of polyalkylated azulenes from
phenols as illustrated in Scheme 11.83 Highly-substituted phenol derivatives 130 are
converted into their corresponding aryl propiolates 131, which upon flash vacuum
pyrolysis form alkylidenecarbenes and cyclize to give the desired cycloheptafuranones
132. The [8+2] cycloadditions of these cycloheptafuranones with enamines of cyclic and
acyclic ketones or with enol ethers then supply azulenes.
83 (a) Nagel, M.; Hansen, H-J. Helv. Chim. Acta. 2000, 83, 1022. (b) Hansen, H-J.; Nagel, M. Synlett
2002, 692.
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(23)
(24)
OH
COCl2
then --- COON
130
Z
R R7
133
0
-W- R5 R1 H
la
R4 R2
R3
131
I FVP
0 0
RR
R3~ R1
132
Detailed studies to optimize the synthesis of cycloheptafuranones 132 from
phenol derivatives were reported. Phenols are initially derivatized into their
aryloxy(carbonyl) chlorides, which react with sodium propiolate to form desired aryl
propiolates 131 via the mixed anhydride. A variety of alkyl-substituted phenyl
propiolates have been synthesized in good yields using this route. However, the
conversion of the aryl propiolates 131 to cycloheptafuranones 132 under harsh flash
vacuum pyrolysis conditions suffers from low yields of 30-50% as shown in the table
below.8 4
84 Flash vacuum pyrolysis is conducted at 650 °C at 0.0001 mmHg.
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Scheme 11
Table 5. Synthesis of Cycloheptafuranones via FVP of Aryl Propiolates
0 0
' R 
134 135
entry aryl propiolate cycloheptafuranone yield (%)
1 119 (R = H) 13 (R = H) 35-50
2 136 (R = 2,4,6-trimethyl) 137 (R = 4,6,8-trimethyl) 30-50
3 138 (R = 2,3,4,5,6-pentamethyl) 139 (R = 4,5,6,7,8-pentamethyl) 15-40
4 140 (R = 2,3,4,6-tetramethyl) 141 (R = 4,5,7,8-tetramethyl) 25-45
5 142 (R = 3,4,5-trimethyl) 143 (R = 5,6,7-trimethyl) 30-45
6 144 (R = 3,5-dimethyl) 145 (R = 5,7-dimethyl) 35-45
Nevertheless, these cycloheptafuranones can efficiently be converted to azulenes
via [8+2] cycloadditions with enamines and vinyl ethers to form various polyalkylated
azulenes. Cycloadditions employing enamines as the 2 t component are conducted in
toluene or t-BuOH at 120 C in a Schlenk tube. In general, higher temperatures and
longer reaction times are required for the reaction of vinyl ethers and thus cycloadditions
utilizing these compounds were conducted in NMP or triethylene glycol dimethyl ether.
The chemistry summarized above clearly demonstrates the feasibility of the key
steps in our proposed strategy for the synthesis of cycloheptafuranones via
alkylidenecarbenes of type 110. However, all of these prior reactions were carried out in
the gas phase at elevated temperatures, using the rearrangement of a,3-alkynyl carbonyl
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compounds to generate the requisite alkylidecarbenes. Naturally, we were interested in
generating the carbenes under much milder and synthetically more attractive conditions.
For this purpose, we turned our attention to the reaction of reagents such as DAMP and
Me3SiCHN2 with carbonyl compounds.
The reaction of carbonyl compounds with DAMP and Me3SiCHN2 provides a
synthetically useful route to alkylidenecarbenes. The DAMP reagents were first
synthesized in the early 1970s by Seyferth and Regitz as illustrated below.57 An Arbuzov
reaction of bromide 146 with trialkylphosphites results in phosphonates 147. Treatment
of these compounds with hydrazine, followed by nitrous acid, forms
diazomethylphosphonates 149 in moderate overall yields. Improved syntheses of the
DAMP reagent via diazo transfer strategies have been published in subsequent years.8 5
85(a) Regitz, M.; Anschiitz, W.; Liedhegener, A. Chem. Ber. 1968, 101, 3734. (b) Regitz, M.; Anschfitz, W.
Liebigs Ann. Chem. 1969, 730, 194. (c) Tomioka, H.; Toriyama, N.; Izawa, Y. J. Org. Chem. 1977, 42,
552. (d) Khare, A. B.; McKenna, C. E. Synthesis 1991, 405. (e) Kane, J. L., Jr. New Methods for
Constructing Polycyclic Aromatic Systems. Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, MA, May 1994; pp 51-52. (f) Brown, D. G.; Velthuisen, E. J.; Commerford, J. R.; Brisbois, R.
G.; Hoye, T. R. J. Org. Chem. 1996, 61, 2540.
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P(OR)3
p-xylene
P( OR) 2
0
147
NH2 NH2 .
if
O
II
N2,,P(OR) 2
149
Overall yield 37-39%/
HONO
.0~--
O
II
H2Ns VP(OR)2
148
Colvin and Hamill first demonstrated the use of DAMP to generate
alkylidenecarbenes from aryl ketones and aldehydes.58 Metalation of 149 with n-BuLi at
-78 C in tetrahydrofuran gives the lithium derivative, which upon addition of
benzophenone (150) provides diphenylacetylene (152) in excellent yield (eq 25).
O
N2 P(OEt)2
U
151
THF, -78 °C--rt, 16 h
94%
Ph -- Ph
152
More recently, Bestmann and co-workers have shown that metallated
diazomethylphosphonates can be generated in situ from acyl cleavage of dimethyl-l-
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Scheme 12
Br
146
Ph) Ph
150
(25)
Ir
diazo-2-oxopropylphosphonate (154)86 at room temperature (eq 26).87 The use of the
thermally stable reagent 154 allows for the mild conversion of aldehydes to alkynes in
good yield.
CHO 8 K2CO3 , MeOH
+ PI/re 0.(26)
CGJX + / OMe rt, 4-16 h
N2 Cl
153 154 97% 155
Colvin found that trimethylsilyldiazomethane" also promotes the formation of
alkylidenecarbenes from carbonyl compounds. The lithium derivative of Me3SiCHN2
58,89
can be reacted with benzophenone (150) to form alkyne 152 in 80% yield. Although
Me3SiCHN2 was originally prepared by Lappert et al.,90 Shiori and co-workers have
reported a large scale protocol in Organic Syntheses.9' Recently, this compound has
conveniently become commercially available from Aldrich as a solution in hexanes.
The "Colvin rearrangements" discussed above are believed to share a common
mechanism as shown below for the conversion of benzophenone to diphenylacetylene.
Condensation of either lithium derivative with benzophenone leads to betaine 157. A
Peterson or Homer-Wadsworth-Emmons-type elimination of 157 results in the
production of the vinyl diazo compound 158. Formation of alkylidenecarbene 159 occurs
86 This reagent can be generated in good yield from commercially available dimethyl-2-
oxopropylphosphonate in a single step via diazo transfer with TsN3 according to the procedure of Callant,
P.; D'Haenens, L.; Vandewalle, M. Synth. Commun. 1984, 14, 155.
87 MUller, S.; Liepold, B.; Roth, G. J.; Bestmann, H. J. Synlett 1996, 521.
88 Podlech, J. J. Prakt. Chem. 1998, 340, 679.
89 This reaction was conducted at 0 °C to room temperature for 2 h.
90 Lappert, M. F.; Lorberth, J. Chem. Commun. 1967, 836.
91 Shiori, T.; Aoyama, T.; Mori, S. Organic Syntheses; Wiley: New York, 1993; Coll. Vol. VIII, p 612.
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via a-elimination of nitrogen from 158, and a 1,2-aryl migration then produces the alkyne
152.
Scheme 13
In his initial studies, Colvin reported that all attempts to obtain reasonable yields
of alkynes from aralkyl ketones or any alkyne at all from aliphatic ketones failed, most
likely due to deprotonation of the enolizable ketone by the strongly basic, anionic
reagent. Several years later, Gilbert and Weerasooriya reported two modifications of
Colvin's procedure that were effective when dealing with enolizable substrates: the
reaction was maintained at -78 C for longer periods of time and potassium t-butoxide
rather than a lithium base was used to enhance the rate of decomposition of the betaine of
type 157 (eq 27).92'93 More recently, Shioiri and co-workers have emphasized the
importance of using THF rather than Et2O with ketones susceptible to enolization.9 4
92 (a) Gilbert, J. C.; Weerasooriya, U. J. Org. Chem. 1979, 44, 4997. (b) Gilbert, J. C.; Weerasooriya, U. J.
Org. Chem. 1982, 47, 1837.
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Li Peterson Ph
156 Ph orHE Ph
PIPh Z = SiMe3 Ph N2 Ph
Z = P(O)(OR) 2
150 157 158
Ph 2
1,2-aryi migration
Ph - Ph -
Ph
152 159
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7
ON2 / P(OEt)2
H
45
Base, THF
-78 C->rt
n-BuLi 22%
KOt-Bu 60%
o- Ph NMe
161
Due to the low migratory aptitude of alkyl groups, it is possible to trap the
alkylidenecarbene intermediate of dialkyl ketones with alkenes,5 9,95 alcohols,96 and
amines.97 In addition, alkylidenecarbenes generated from these ketones are also capable
of undergoing intramolecular reactions to form cyclic products. For example, the
reaction of DAMP or Me3SiCHN2 with dialkyl ketones possessing y-hydrogens leads to
the formation of cyclopentenes in moderate to excellent yields (eq 28).98'99
R' H
R
162
R' HDAMP or Me3SiCHN 2
Base
R
R = alkyl
R1
1,5-C-H insertion
R
163 164
93 Changing the counterion of betaines of type 157 from lithium to potassium is known to increase the rate
of decompositions of these betaines, see Schlosser, M.; Tuong, H. B.; Tarchini, C. Chimia 1977, 31, 219.
94 Miwa, K.; Aoyama, T.; Shioiri, T. Synlett 1994, 107 and references therein.
95 Sakai, A.; Aoyama, T.; Shiori, T. Tetrahedron 1999; 55, 3687.
96 (a) Gilbert, J. C.; Weerasooriya, U. J. Org. Chem. 1983, 48, 448. (b) Ohira, S.; Noda, I.; Mizobata, T.;
Yamato, M. Tetrahedron Lett. 1995, 36, 3375.
97 Walsh, R. A.; Bottini, A. T. J. Org. Org. Chem. 1970, 35, 1086.
98 For an example using DAMP, see Gilbert, J. C.; Giamalva. D. H.; Weerasooriya, U. J. Org. Chem. 1983,
48, 5251.
99 For examples using Me3SiCHN2 , see: (a) Ohira, S.; Okai, K.; Moritani, T.J. Chem. Soc., Chem.
Commun. 1992, 721. (b) Taber, D. F.; Walter, R.; Meagley, R. P. J. Org. Chem. 1994, 59, 6014.
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Ph- Me
160
(27)
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Particularly good precedent for the proposed transformation (109->112) is found
in the work of Gilbert and Shioiri'°° who found that pyruvamides 165, 167, and 169 react
with DAMP (eq 29) and Me3SiCHN2 (eq 30) in the presence of base to form
cycloheptapyrrolones 166, 168, anid 170, respectively via a mechanism analogous to that
proposed for our cycloheptafuranone-forming reaction.
Me
I
DAMP, KOt-Bu
CH3CN, 0 °C
40-54%
X=H, 165
X=CI, 167
X = Me, 169
Me
N 0
X=H, 166
X=CI, 168
X = Me, 170
Me 0
Me
X=H, 16
X=H, 165
X=CI, 167
X = Me, 169
1.0 equiv Me3SiCHN2
1.0 equiv LICA or LDA
Et20
-78 °C 3h, reflux 2h
63-74%
The use of DAMP or Me3SiCHN2 to form alkylidenecarbenes from carbonyl
compounds has been thoroughly investigated and the reagents have successfully been
used to form unsaturated cyclic systems. Most importantly, Gilbert and Shiori had shown
that intramolecular Biichner reactions of alkylidenecarbenes are possible. With this
'00 (a) Gilbert, J. C.; Blackburn, B. K. J. Org. Chem. 1986, 51, 4087. (b) Ogawa, H.; Aoyama, T.; Shioiri,
T. Synlett 1994, 757.
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(29)
(30)
X
X=H, 166
X=CI, 168
X = Me, 170
precedent for the formation of cycloheptafuranones via alkylidenecarbenes, we were
eager to investigate our proposed strategy for the synthesis of azulenes from
cycloheptafuranones.
Attempts to Synthesize Cycloheptafuranones via Alkylidenecarbenes
We selected phenyl pyruvate (173) as the substrate to test the key transformation
109-112 in our proposed synthesis of azulenes. To synthesize 173 from phenol, we
initially followed a reported procedure that uses dicyclohexylcarbodiimide and
pyridine.' 0' We encountered difficulties using this protocol and therefore examined the
reaction of phenol with pyruvic acid using DCC/DMAP coupling conditions.
Fortunately, we were able to prepare 173 efficiently using this procedure (eq 31).102
' *
OH 0 1.1 equiv DCC
0.1 equiv DMAP
+ ~HO1-Y CHCIl. 0 C-rt. 2 d
II -0
52%
171 172 173
With a sufficient amount of phenyl pyruvate 173 in hand, we initially attempted to
follow Shioiri's protocol (as illustrated in eq 30) using commercially available
'O' Yamamoto, Y.; Maruyama, K.; Komatsu, T.; Ito, W. J. Org. Chem. 1986, 51, 886.
102 (a) Hassner, A.; Krepski, L. R.; Alexanian, V. Tetrahedron 1978, 34, 2069. (b) Hassner, A.; Alexanian,
V. Tetrahedron Lett. 1978, 4475.
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(31)
Me3SiCHN2. Unfortunately, under these conditions we did not see any evidence of the
formation for the desired cycloheptafuranone 125. We tried several variations of the
reaction conditions; both LDA and n-BuLi were employed at different reaction
temperatures and times. In addition, we found that switching the solvent to DME did not
lead to any improvements as has been observed by Taber.'0 3 The transformation was also
performed using DAMPT0 under a variety of conditions without success (eq 32). In all
cases, recovered phenyl pyruvate 173 and phenol were obtained without any evidence for
the desired product.
0 LDA or n-BuLi 0 0
o Me3SiCHN 2 or DAMP (32)
IU -·· Et2 0 or THF or DME0 CH3
173 125
NOT OBSERVED
Surprised by the formation of phenol, we reviewed the work of Gilbert and Shioiri
to see if these researchers had detected any evidence of aniline formation in their
synthesis of cycloheptapyrrolones. This observation was not reported. Additionally, we
did not observe the formation of aniline when we performed the reaction in our
laboratory as described by Shiori.0 5 However, the liberation of phenol in our case is not
that remarkable given that esters are more electrophilic than amides. It is possible that
103 Taber found that the use of DME instead THF was crucial for the generation of alkylidenecarbenes from
ketones utilizing Me 3SiCHN 2, see ref 99b.
104 Diethyl diazomethylphosphonate was made according to the procedure of Seyfreth, see ref 57.
105 We conducted this reaction according to Shiori's protocol using Me3SiCHN2 and DAMP with N-methyl
pyruvanilide, which was synthesized from N-methyl aniline using DCC/DMAP coupling as described for
phenyl pyruvate in eq 31.
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formation of the enolate derivative of 173 under the basic reaction conditions could result
in Claisen-type self-condensations, which would produce phenol as a byproduct.
Alternatively, direct addition of the reagent to the ester carbonyl could also cause the
formation of phenol. Although this explanation seems unlikely given the fact that
ketones are significantly more susceptible to nucleophilic addition than esters, it is
possible that the pyruvate exists primarily in the enol form 174 (eq 33).
OH
-- 0°o1 (3)
173 174
As discussed earlier, enolate formation has been reported to be a serious side
reaction when attempting Colvin rearrangements of aliphatic ketones to alkynes using
DAMP or Me3SiCHN2. We suspected enolization might also be interfering with our
desired transformation (eq 32) and attempted to address the problem by altering the
reaction conditions. As mentioned earlier, three modifications to Colvin's procedure had
been found by other researchers to be effective when dealing with enolizable substrates:
the use of lower reaction temperatures, substitution of potassium t-butoxide in place of
lithium amide bases, and use of THF instead of Et2 0 as solvent. We attempted to apply
these modifications to our cycloheptafuranone synthesis with no success. Unfortunately,
phenol was isolated as the major product under all conditions examined.
In parallel to the studies described above, we attempted to synthesize a substrate
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lacking a protons to avoid the possibility of enolization completely. We carefully
selected a compound that would fit this profile without causing other complications. For
example, pyruvaldehyde (109, R=H) and aryl ketones (109, R=Ar) would not be suitable
substrates due to the well known ease of 1,2 migrations of hiydrogens and aryl groups
upon formation of the alkylidenecarbene, producing the corresponding alkynes (vide
supra). Therefore, we chose to use an a,[l-alkynyl-p-silyl ketone (175), which is not
enolizable and has a significantly more electrophilic ketone than phenyl pyruvate (173).
Additionally, chemical manipulations of the alkyne moiety in the ultimate azulene
product would provide access to various substituents at the C-1 position.
Scheme 14
I 1
SiMe3
175 176
The synthesis of this substrate was more difficult than originally expected. Using
general conditions previously reported for acetylide addition to oxalates,'06 we attempted
to add lithium and magnesium derivatives of silylacetylenes to phenyl oxalate with no
success. Similarly, we attempted the addition of Me3SiC-CLi to ethyl t-butyl oxalate
106 (a) Kelly, T. R.; McKenna, J. C.; Christenson, P. A. Tetrahedron Lett. 1973, 3501. (b) Mikolajczak, K.
L.; Smith, C. R.; Weisleder, D.; Kelly, T. R., McKenna, J. C.; Christenson, P. A. Tetrahedron Lett. 1973,
283. (c) Sisido, K.; Hirowatari, N.; Tamura, H.; Kobata, H.; Takagisi, H.; Isida, T. J. Org. Chem. 1970, 35,
350.
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(177) with plans to convert the product of this reaction to 175 via transesterfication.'0 7
This also resulted in little success, yielding only 13% of t-butyl 2-oxo-4-
(trimethylsilyl)but-3-ynoate (178) (eq 34).t06b In view of these difficulties, we
temporarily suspended our work on this route and turned to a new strategy.
0 .
t-BuO) O Et
0
177
Me3Si - Li
THF/Hex
-10 °C, 20 min
13%
0 SiM83 .
t-BuO
0
178
To circumvent the possibility of direct addition to the ester carbonyl, an approach
to the cycloheptafuranone was envisioned based on aryloxyketones such as 179 (Scheme
15). We hoped that conversion of phenoxyacetone (179) to cycloheptafuran 180 would
then be achieved via an alkylidenecarbene intermediate. This bicyclic compound could
then be oxidized to cycloheptafuranone 181 using one of the many methods for oxidation
of cyclic allylic ethers to unsaturated lactones.08
107 Seebach, D.; Hungerbiihler, E.; Naef, R.; Schnurrenberger, P.; Weidmann, B.; Ziiger, M. Synthesis
1982, 138.
108 For examples see: (a) Markgraf, J. H.; Choi B. Y. Synthetic Commun. 1999, 29, 2405. (b) Matsunaka,
K.; Iwahama, T.; Sakaguchi, S.; Ishii, Y. Tetrahedron Lett. 1999, 40, 2165. (c) Sakaguchi, S.; Kikuchi, D.;
Ishii, Y. Bull. Chem. Soc. Jpn. 1997, 70, 2561.
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Scheme 15
DAMP
[0]
Me
179 180 125
We believed the desired transformation 179-*181 would be feasible given that
alkylidenecarbenes can be employed in the formation of cyclic unsaturated ethers.
Specifically, Ohira has reported the cyclization of a-alkoxy ketone 182, which involves
an alkylidenecarbene C-H insertion (eq 35).99a In addition, Shiori has described the
formation of silylated dihydrofurans from -trimethylsiloxy ketones via alkylidene
carbene intermediates.'9
N2ySiMe3
Li [CH 
CSH,6O H3 183 O
o THF, -78 °C>-O °C  Hl, HJ CgH19
182 72% 184 185
We felt rather confident that the synthesis of cycloheptafuran 180 from aryl
alkoxy ketones using this chemistry would be feasible. However, application of Ohira's
109 The proposed mechanism of this reaction includes formation of an oxonium ylide subsequent to the
formation of the alkylidenecarbene. This species then undergoes a silyl migration to form the desired
dihydrofuran, see Miwa, K.; Aoyama, T.; Shiori, T. Synlett, 1994, 461.
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or
' Me 3SiCHN 2
Me
Base
_. ...
protocol produced only unidentified products that possess higher masses than that of the
desired product. With this indication that intermolecular reactions had taken place, we
altered conditions in efforts to favor the intramolecular cycloaddition. The concentration
of the reagents was lowered and the temperature of the reaction was raised; however, the
reactions under these modified conditions were unsuccessful as well.
Given these difficulties, we reluctantly decided to abandon all efforts to
synthesize azulenes from cycloheptafuranones generated via alkylidenecarbenes.
Subsequent work in this area has, however, been reported in recent years from the
laboratories of Hansen and Aoyama. Hansen's work involving alkylidenecarbenes
generated under FVP conditions was previously described. The following section will
briefly discuss important advances that have been made by Aoyama.
Recent Developments in the Synthesis of Azulenes via Alkylidenecarbenes
Recently, Aoyama and co-workers have expanded on their studies of the
conversion of N-methylpyruvanilides to cycloheptapyrolones using the lithium salt of
Me3SiCHN2 by reporting a two step synthesis of azulene-l-carboxylic esters via
dihydroazulenes as shown below. ° The reaction of ethyl-4-aryl-2-oxobutanoates (186,
R = Et) with the lithium derivative of Me3SiCHN2 under reaction conditions similar to
those reported in their earlier work (see eq 30) provided the corresponding
"
0 Hari, Y; Tanaka, S.; Takuma, Y.; Aoyama, T. Synlett 2003, 2151.
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dihydroazulenes in low to moderate yields (32-49%). Interestingly, these researchers
l
suspected that addition of TMSC(Li)N2 to the ester moiety may have been competing
with addition to the ketone. Consequently, the ethyl ester of 186 was replaced with the
_ _ ' 11- c t,. c,1. 1,-l" .1
urI UUIKy Werl-outyI tL, ruiSutlg Im a sIgmn1canuiy mgner yela ou-/o), altnougn
longer reaction times were required. Oxidation of the dihydroazulene 187 was achieved
using chemical manganese dioxide. Conducted under relatively mild conditions, this
dehydrogenation step produces the desired azulenes 188 in respectable yields.
Scheme 16
With work abandoned on the alkylidenecarbene route, we set our goals on
advancing the P-halo diazo ketone strategy. We hoped to show that our annulation
products, azulenyl halides and triflates, would be active participants in transition metal-
mediated carbon-carbon bond forming reactions, ultimately resulting in the production of
azulenes with higher levels of substitution on the five- and seven-membered rings. The
following chapter will describe these studies.
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Chapter 4
Transition Metal-Mediated Carbon-Carbon Bond Forming
Reactions of Azulenyl Halides and Sulfonates
As discussed in Chapter 2, an efficient and general strategy for synthesizing
substituted azulenes via n-halo diazo ketones has been developed in our laboratory. An
important consideration in the design of this strategy was the expectation that the ring
expansion-annulation products would be functionalized in such a way as to facilitate the
further synthetic elaboration of the azulene core. In particular, we anticipated that
transition metal-mediated reactions of our azulenyl halides and sulfonates would permit
further functionalization and substitution on both the five- and seven-membered rings
(Scheme 17). This chapter will briefly review recent developments in transition metal-
mediated reactions, including those involving azulenes, and then will discuss our research
efforts in this area.
Scheme 17
~~~~ ~~X -Transition Metal-Mediated R'
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Transition Metal-Mediated Carbon-Carbon Bond Forming Reactions
Transition metal-mediated coupling reactions have become incredibly important
in synthetic chemistry."' Many researchers view these methods to be among the most
useful carbon-carbon bond forming strategies in organic synthesis. These reactions often
proceed under mild conditions with a high tolerance of functionality, and are applicable
to numerous aromatic and heteroaromatic systems. Recent advances in this area of
chemistry have focused on the development of highly-active catalyst systems and have
expanded the scope of transition metal-mediated carbon-carbon bond forming reactions
to include substrates that were originally unreactive in these types of reactions.
Heck Reaction
111 For reviews, see: (a) Metal-catalyzed Cross-coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-
VCH: New York, 1998. (b) Brandsma, L. Application of Transition Metal Catalysts in Organic Synthesis;
Springer-Verlag: New York, 1998. (c) Comprehensive Organometallic Chemistry II; Abel, E. W., Stone, F.
G. A., Wilkinson, G., Eds.; Pergamon: Kidlington, 1995; Vol. 12. (d) Transition Metals for Organic
Synthesis: Building Blocks and Fine Chemicals; Beller, M.; Bolm, C., Eds.; Wiley-VCH: Weinheim, 1998.
(e) Hanbook of Organopalladium Chemistry for Organic Synthesis; Negishi, E-I; de Meijere, A., Eds.;
Wiley Interscience: New York, 2002.
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Pd(O) catalyst R
R--X + ~ R1 R,,, R1Base
R = vinyl, aryl
X = halide, sulfonate
J
It
it
P
II
II
The Heck reaction involves the palladium-mediated reaction of aryl and vinyl
halides and triflates with olefins. 1de, 112 A simplified version of the mechanism is shown
below. The catalytic cycle begins with oxidative addition of an electrophile to a Pd(O)
species forming 193. This is followed by olefin coordination and insertion, and then P-
hydride elimination, which forms hydridopalladium species 195. Finally, base aids in the
reductive elimination of HX to regenerate the active catalyst.
Scheme 18
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Base-H X
Base
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Oxidative Addition
R-X
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193
Olefin Coordination
and Insertion
The insertion of the olefin occurs in a syn fashion. Rotation around what was the
former double bond is required to achieve the necessary cis relationship between
palladium and hydrogen for the syn -hydride elimination of HX (shown below). This
112 For reviews, see: (a) Jeffery, T. In Advances in Metal-Organic Chemistry; Liebeskind, L. S., Ed.; JAI:
London, 1996; Vol. 5, pp 153-260. (b) Brase, S.; de Meijere, A. In Metal-catalyzed Cross-coupling
Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998; pp 99-166. (c) Crisp, G. T.
Chem. Soc. Rev. 1998, 27, 427. (d) Beletskaya, I. P.; Cheprakov, A. V. Chem. Rev. 2000, 100, 3009.
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generally obtained when employing terminal alkenes in the reaction.
Scheme 19
Traditionally, the catalyst systems used in the Heck reaction consist of
triarylphosphine ligands either bound to palladium (e.g., Pd(PPh3)4) or used in
conjunction with a separate palladium source (e.g., Pd(OAc)2). However, these types of
catalysts are often ineffective for oxidative addition to unactivated substrates, such as
electron-neutral and electron-rich aryl chlorides."3 In addition, standard catalyst systems
tend to perform poorly when employed in Heck reactions involving disubstituted olefins.
In 1999, Littke and Fu reported a mild procedure for the Heck reaction of aryl
chlorides.'14 These researchers found that methyl acrylate and styrene react with electron-
rich, electron-poor, and neutral aryl chlorides using very low catalyst loadings of
Pd2(dba)3 and tri-t-butylphosphine ligand in the presence of Cs2CO3 (eq 36).
113 Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed.Engl. 2002, 41, 4177.
14 Littke, A. F.; Fu, G. C. J. Org. Chem. 1999, 64, 10.
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6 mol% P(t-Bu)3
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82%
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Concurrently, Buchwald and co-workers were investigating a phosphine-free
catalyst system for the Heck arylation of disubstituted alkenes."5 The stereoselective
synthesis of several trisubstituted olefins was achieved using this modified Jeffery
protocol that incorporates the use of dicyclohexylmethylamine and a phase transfer
catalyst (eq 37).
1 mol% Pd(OAc)2
1.5 equiv Cy2NMe
-+ 0CO2 Me 1.0 equiv Et4NCI
DMA
95-100 C, 16 h
204 87%O
CO2 Me
EIZ > 16:1
205
Room temperature Heck reactions have significant benefits over those conducted
at high temperatures. Jeffery had demonstrated that room temperature Heck reactions are
possible with vinyl and aryl iodides using his ligandless system (Pd(OAc)2, MHCO3,
R4NX).' 6 Recently, improvements in room temperature Heck reactions have been made
by Hartwig and Fu. In 2001, Hartwig reported room-temperature Heck reactions of aryl
bromides using 1-adamantyl-di-t-butylphosphine and a ferrocenyl-di-t-butylphosphine as
115 Giirtler, C.; Buchwald, S. L. Chem. Eur. J. 1999, 3107.
116 (a) Jeffery, T. In Advances in Metal-Organic Chemistry; Liebeskind, L. S., Ed.; JAI: London, 1996;
Vol. 5, pp 153-250. (b) Jeffery, T. J. Chem. Soc., Chem. Commun. 1984, 1287. (c) Jeffery, T. Tetrahedron
1996, 52, 10113.
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(36)
2Br
203
(37)
ligands. ' 7 That same year, Fu described significant improvements in the scope and
mildness of reactions involving the aforementioned tri-t-butylphosphine catalyst system
(see eq 36). "8 The Heck reaction of aryl bromides and activated aryl chlorides with
acrylate derivatives (e.g., 207) can be accomplished at room temperature with the use of
Cy2NMe as base (eq 38).Lf9
MeCI
206
Me
+ ~CO2Me
207
1.5 mol% Pd2(dba)3
3 mol% P(t-Bu)3
1.1 equiv Cy2 NMe
dioxane
rt
79%
Me CO 2Me
EZ > 20:1
208
Palladium-Mediated Cross-Coupling Reactions
Pd(O) catalyst
R-X + M--R1 R--R 1
R, R1 = vinyl, aryl, alkyl
X = halide, sulfonate
M =Zn, B, Sn, Si, Mg
Cross-coupling reactions are metal-mediated carbon-carbon bond forming
reactions of aryl, vinyl, and alkyl halides or triflates."' A variety of saturated and
unsaturated R' groups can participate including alkyl, alkynyl, aryl, vinyl, and allyl
117 Stambuli, J. P.; Stauffer, S. R.; Shaughnessy, K. H.; Hartwig, J. F.; J. Am. Chem. Soc. 2001, 123, 2677.118 Littke, A. F.; Fu, G. C. J. Am. Chem Soc. 2001, 123, 6989.
119 Recall that Buchwald was the first to employ Cy2NMe as a base in the Heck reaction, see ref 115.
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organometallic compounds where the metal is using zinc, boron, tin, silicon, and
magnesium. An outline of a simplified version of the mechanism for these cross-
coupling reactions is shown below. Oxidative addition of R-X to the Pd(O) species is
followed by transmetallation with the organometallic reagent to form 209. Subsequent
reductive elimination furnishes the desired cross-coupled product while simultaneously
regenerating the active catalyst species. In the case of the Negishi (M = Zn), Stille (M =
Sn), and Kumada (M = Mg) reactions, additives are not required for the reaction to be
successful. However, in the Suzuki (M = B) and Hiyama (M = Si) couplings, additives
are essential to form complexes that are more reactive in the transmetallation step.
Scheme 20
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The next sections will briefly review recent advances in cross-coupling reactions
that have been of primary interest in our research. These reactions include the Suzuki
and Stille cross-couplings.
Recent Advances in the Suzuki Reaction
The Suzuki reaction has emerged as perhaps the most attractive cross-coupling
reaction." '"1 20 This process often occurs under mild conditions, uses a relatively non-
toxic, stable boron organometallic reagent, and produces a wide range of highly
functionalized products. In addition, many organoboron reagents have become
commercially available in the past few years.
As mentioned above, an additive is required in some cross-coupling reactions. In
the Suzuki reaction, a base is employed to aid in the transmetallation step. The base is
believed to function in one of two ways, as shown in Scheme 21. In pathway A, the base
(e.g., M-OR) serves as an activating agent for the boron species, combining with the
organoboron compound to produce an "ate" complex 211 that is far more reactive in the
transmetallation step to produce key intermediate 212. In pathway B, the base reacts with
210 to provide a reactive palladium alkoxide complex 213. Transmetallation then occurs
between the tricoordinate organoborane and palladium(II) intermediate 213 to furnish
diorganopalladium species 212.
120 For reviews, see: (a) Suzuki, A. J. Organomet. Chem. 1999, 576, 147. (b) Miyaura, N. In Advances in
Metal-Organic Chemistry; Liebeskind, L. S., Ed.; JAI: London, 1998; Vol. 6, pp 187-243. (c) Suzuki, A. In
Metal-catalyzed Cross-coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998;
pp 49-97. (d) Stanforth, S. P. Tetrahedron 1998, 54, 263. (e) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95,
2457.
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Traditional Suzuki conditions employ ethereal (e.g., THF, dioxane) or polar
aprotic solvents (e.g., DMF, DMA, DMSO) and usually require heating for several hours.
Palladium catalysts for the reaction include Pd(PPh3)4 or PdC 2(PPh 3)2, and most
reactions involve the use of one of the following bases: MOR, MOH, M2 CO 3, and
M3PO4 (where M = Na, K, and Cs). As with many other palladium-catalyzed coupling
processes, unactivated aryl chlorides react very slowly and tend to be poor substrates in
the Suzuki reaction."13
A significant amount of research has been devoted to developing more highly-
active catalyst systems for the Suzuki reaction.2 ' Recent advances have extended the
scope of the process to include efficient couplings of a variety of aryl chlorides and other
121 This section focuses mainly on work done in the labs of Buchwald and Fu. For other important catalyst
systems that have recently been developed for the Suzuki reaction, see (a) Zhang, C.; Huang, J.; Trudell,
M. L.; Nolan, S. P. J. Org. Chem. 1999, 64, 3804. (b) Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig, J.
F. J. Org. Chem. 2002, 67, 5553.
79
111_1
noor substrates. The kev to the maioritv of these catalyst systems is the use of bulky, v 
electron-rich phosphines. These electron-rich ligands increase the rate of oxidative
addition without decreasing the rate of transmetallation and/or reductive elimination. In
fact, the bulkiness of the ligands facilitates the latter two steps.
Fu and co-workers have reported that a versatile catalyst system composed of P(t-
Bu)3 and Pd 2(dba) 3 is as efficient for Suzuki couplings as it is for the Heck reaction (see
eq 36). Room temperature couplings of various aryl chlorides with arylboronic acid
derivatives occur in excellent yield using this catalyst system in the presence of Cs2CO3
or KF (e.g., eq 39). '22 Additionally, electron-rich and electron-poor aryl triflates react
with a variety of aryl boronic acids to afford substituted biphenyls when using Pd(OAc)2
and PCy3 . Recently, Fu and co-workers have described the use of phosphonium salts ((t-
Bu)3P-HBF4) as air stable substitutes for the trialkylphosphines in these Suzuki cross-
coupling reactions."m
1.5 mol% Pd2(dba)3
+ (HO)B~ 3.6 mol% Pt-Bu3 (39)
</ \ CI + (HO)2B/ ' 1.2 equiv Cs 2CO 3 \ ..(
Y dioxane X Y
80-90 °C, 5 h
214 215 216
82-92%
Buchwald has also developed conditions for room temperature Suzuki couplings
of aryl chlorides employing the novel aminophosphine ligand 217.24 Subsequent
investigations of this reaction have revealed that biphenyl-substituted phosphines lacking
122 (a) Littke, A. F.; Fu, G. F. Angew. Chem., Int. Ed. Engl. 1998, 37, 3387. (b) Littke, A. F.; Dai, C.; Fu,
G. F. J. Am. Chem. Soc. 2000, 122, 4020.
12 3 Netherton, M. R.; Fu, G. C. Org. Lett. 2001, 3, 4295.
124 Old, D. W.; Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 9722.
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an amino substituent also produce highly-active catalysts for the Suzuki reaction.'2 5 Two
air-stable and now commercially available phosphines, 218 and 219, display particularly
high reactivity in these reactions.
Pt-Bu 2 PCY2 Pt-Bu 2
Me2 N
217 218 219
The optimal conditions for Suzuki reactions using phosphines 218 and 219
depend on the nature of the organohalogen and organoboron substrates. For room
temperature couplings, KF and CsF are the most effective bases with THF or dioxane as
the solvents of choice, although other conditions are superior in reactions at higher
temperatures (eq 40). These ligands are also effective for Suzuki coupling of hindered
substrates.'2 6 These catalysts can also be employed for reactions involving 9-alkyl-9-
BBN derivatives. Buchwald subsequently developed a polymer-bound
dicyclohexylphosphanylbiphenyl ligand that can be used in Suzuki reactions of aryl
chlorides, and the product can be isolated without the need for column
chromatography. 127
125 (a) Wolfe, J. P.; Buchwald, S. L. Angew. Chem., Int. Ed. Engl. 1999, 38, 2413. (b) Wolfe, J. P.;
Buchwald, S. L. Angew. Chem., Int. Ed. Engl. 1999, 38, 3415. (c) Wolfe, J. P.; Singer, R. A.; Yang, B.
H.; Buchwald, S. L. J. Am. Chem. Soc. 1999, 121, 9550.
126 Recently Buchwald has reported a new highly active catalyst for the synthesis of sterically hindered
biaryls: Yin, J.; Rainka, M. P.; Xhang, X-X.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 1162.
127 Parrish, C. A.; Buchwald, S. L. J. Org. Chem. 2001, 66, 3821.
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\ CI + (HO)2B 
214 215 
0.5-1.5 mol% Pd(OAc)2
1-3 mol% 218
3.0 equiv KF
THF, rt
88-98%
Very recently (and subsequent to our work), Buchwald and co-workers have
reported the use of biphenyl ligand 222 which displays excellent reactivity in the Suzuki
reaction.'28 Both aryl chlorides and tosylates, and vinyl tosylates couple smoothly with
boronic acids in the presence of this ligand (e.g., eq 41). Although less reactive than aryl
triflates, aryl tosylates are generally more easily handled and considerably less expensive.
t-Bu / OTs + (HO)2B /
MeO
220 221
2 mol% Pd(OAc)2
5 mol% 222
3.0 equiv IK3PO4-H20
THF, 80 °C
91%
t-Bu3 
MeO
223
Additional recent reports in the area of palladium-mediated Suzuki couplings
include advances in coupling reactions of electrophiles that contain C(sp3)-X bonds,
including alkyl bromides, chlorides, and tosylates.'2 9 Fu has demonstrated that alkyl
128 Nguyen, H. N.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125, 11818.
129 (a) Netherton, M. R.; Dai, C.; Neuschtitz, K.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 10099. (b)
Kirchhoff, J. H.; Dai, C.; Fu, G. C. Angew. Chem., Int. Ed. Engl. 2002, 41, 1945. (c) Netherton, M. R.; Fu,
G. C. Angew. Chem., Int. Ed. Engl. 2002, 41, 3910.
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chlorides and bromides couple smoothly when PCy3 is the employed as the catalyst
ligand. However, PCy3 is ineffective as a ligand in coupling reactions of alkyl tosylates.
Studies have revealed that the commercially available Pt-Bu2Me ligand is useful for
promoting these Suzuki coupling reactions of tosylates (eq 42). In addition, the
phosphonium salt of Pt-Bu2Me, which is air stable, is also effective in the reaction.
4 mol% Pd(OAc)2
16 mol% Pt-Bu2Me
C12 H25-OTs + C 8H 17-9-BBN 1 C12H25 -C 8H 17 (42)1.2 equiv NaOH
224 225 dioxane, 50 °C 226
80%
An important variant of the Suzuki reaction involves the coupling of aryl triflates
and halides with certain diboron or borane reagents to form arylboronates.30 This
process efficiently produces aryl and vinylboronates and is particularly useful for
substrates containing functional groups that are sensitive to the Grignard and
organolithium reagents traditionally employed in the synthesis of arylboronic acids and
esters. Original reports of the synthesis of arylboronates via this approach were reported
by Miyaura and employed the use of PdCl2(dppf) and diboron reagent 228 to effect these
coupling reactions with aryl bromides, iodides,'31 and triflates.13 2 Additionally, a one-pot
procedure for synthesizing unsymmetrical biaryls from aryl halides or triflates was
achieved by simply adding fresh catalyst and K3PO4 to the solution of arylboronate
generated in situ in this fashion (eq 43).
130 For a review, see: Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2000, 611, 392.
131 Ishiyama, T.; Murata, M.; Miyaura, N. J. Org. Chem. 1995, 60, 7508.
132 Ishiyama, T.; Itoh, Y.; Kitano, T.; Miyaura, N. Tetrahedron Lett. 1997, 38, 3447.
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228
cat. PdCI2(dppf)/dppf
KOAc
dioxane, 80 °C, 7-18 h
X
229
TfO / 
-Y
230
cat. PdCI2(dppf), K3PO4
dioxane, 80 C, 16-24 h
65-93%
over 2 steps
-- \ . (43)
X Y
216
In subsequent studies, Miyaura investigated the reaction of various aryl chlorides
with pinacolatodiboron 228. Among the several catalyst systems screened, it was found
that the use of Pd2(dba)3/PCy 3 most efficiently promotes the reaction of electron-rich,
poor and neutral aryl chlorides 214 with pinacolatodiboron 228 (eq 44).133 It was
subsequently reported that carbene ligands can be used to promote this reaction; however,
unactivated aryl chlorides are not suitable substrates when using these ligands.'34
228
3-6 mo% Pd2(dba) 3
7-14 mol% PCy3
1.4 equiv KOAc
dioxane, 80 °C
70-94%
0
229
Recently, Miyaura has described the application of this reaction to vinyl iodides,
bromides, and triflates.l35 The reaction is carried out in toluene in the presence of KOPh
and PdCl 2(PPh 3) 2/2PPh3 . The borylation of acyclic and cyclic alkenyl bromides and
133 Ishiyama, T.; Ishida, K.; Miyaura, N. Tetrahedron 2001, 57, 9813.
134 Furstner, A.; Seidel, G. Org. Lett. 2002, 4, 541.
135 Takagi, J.; Takahashi, K.; Ishiyama, T.; Miyaura, N. J. Am. Chem. Soc. 2002, 124, 8001.
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OTf
X
227
x214
214
(44)
triflates was achieved in good yield with retention of configuration of the double bonds.
This method can also be applied to synthesize unsymmetrical 1,3-dienes in one pot (eq
45).
N B-B TfO-/
/ -0 0 \
1~iCBH1 2 28
TfO C8Hi 7 3 mol% PdCI2(PPh3) 2/2PPh3
1.5 equiv KOPh
fnlln' -n on (
233 Cs l? -> (45)
3 mol% dppf
3.0 equiv K3 P04
DMF 80 °C. 16 h
231 232 81% 234
over 2 steps
In 2003, Zhang and co-workers reported a modification of the Miyaura
arylboronate synthesis that utilizes ligandless palladium catalysts.'36 The use of
palladium acetate in DMF was found to be highly effective for coupling aryl bromides
and iodides with pinacolatodiboron to produce arylboronates in similar yields to those
reported by Miyaura. This method enjoys the advantages of low catalyst cost, ease of
purification, and higher purity profiles.
Subsequent to Miyaura's reports involving diboron 228, Masuda and co-workers
described the synthesis of arylboronates utilizing pinacolborane 235.'37 The palladium-
catalyzed coupling of aryl iodides and bromides with 235 best occur in good yields in the
presence of PdCl2(dppf) and triethylamine in dioxane (eq 46). Subseqently, Masuda
expanded the scope of this borylation process to include aryl triflates and nonaflates
using the conditions described in eq 46.138 A limitation of this reaction results from
ability of pinacolborane to behave as a hydride source. In all cases, some amount of the
136 Zhu, L.; Duquette, J.; Zhang, M. J. Org. Chem. 2003, 68, 3729.
137 Murata, M.; Watanabe, S.; Masuda, Y. J. Org. Chem. 1997, 62, 6458.
138 Murata, M.; Oyama, T.; Watanabe, S.; Masuda, Y. J. Org. Chem. 2000, 65, 164.
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reduced aryl halide or triflate is isolated. However, triethylamine often serves to suppress
this side reaction.
200
0
1.5 equiv B-H
235
3 mol% PdCI2(dppf)
3.0 equiv Et3N
dioxane, 80 C, 1 h
77%
0
MeO- B\
- NleO\0
236
Masuda has also reported the synthesis of alkenylboronates from alkenyl triflates
and iodides using the borane reagent 235.139 Reaction conditions were slightly modified
to include the use of triphenylarsine. Several cyclic alkenes, including 237, were
converted into their corresponding alkenylboronates 238 (eq 47). Additionally, the one-
pot synthesis of a substituted alkene was performed to demonstrate the versatility of the
alkenyl borylation reaction.
1.5 equiv
ph.,OTf
PhI,237
237
235
3 mol% PdCI2(dppf)
12 mol% AsPh3
3.0 equiv Et3N
dioxane, 80 C, 16 h
83%
10
<%< B o
Ph 238
238
139 Murata, M.; Oyama, T.; Watanabe, S.; Masuda, Y. Synthesis 2000, 778.
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(46)
(47)
Ii
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Baudoin has described the use of the Buchwald ligand 218 in borylations of aryl
bromides with pinacolborane in subsequent studies.'40 In search of more suitable reaction
conditions for sterically hindered aryl bromides, these researchers investigated the use of
several catalyst systems, including those described by the Fu and Buchwald laboratories.
Optimal conditions were realized when Buchwald's ligand 218 was employed in the
presence of triethylamine (eq 48). Baudoin also described an alternative one-pot
procedure for synthesizing biaryls. Formation of the arylboronate was followed by
addition of water, the coupling partner, and excess barium hydroxide to produce the
desired unsymmetrical biaryl (eq 49).
4.0 equiv
235
5 mol% Pd(OAc)2
20 mol% 218
4.0 equiv Et3N
dioxane, 80 C, I h
81%
NC
241
3.0 equiv BaOH
dioxane-H20, 100 °C,
73% overall
from 239
NH2
- st0
240
NH2
lh
CN
242
140 Baudoin, O.; Gutnard, D.; Gutritte, F.J. Org. Chem. 2000, 65, 9268. For a recent application of this
method, see: Baudoin, O.; Cesario, M.; Guenard, D.; Gueritte, F. J. Org. Chem. 2002, 67, 1199.
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NH2
Br
239
NH2
240
240
(48)
(49)
I
I
i
i
I
Recent Advances in the Stille Reaction
The Stille reaction, although somewhat less attractive than the Suzuki reaction
due to its use of relatively toxic organostannanes, has been extremely useful as a carbon-
carbon bond forming reaction. 'lde 14 Aryl and vinyl halides couple with a variety of
alkyl, vinyl, aryl, alkynyl, and allylstannanes. Alkyl groups have lower reactivity in the
transmetallation step and therefore are commonly used as the non-transferable ligand of
the organostannane. Base additives that are required in the Suzuki reaction are not
necessary in Stille coupling reactions and traditional protocols include the use of
Pd(PPh 3) 4, PhCH 2PdCl(PPh3) 2, Pd2(dba) 3, and Pd(OAc) 2 with triarylphosphines as the
catalyst systems. These standard Stille coupling conditions, however, are typically poor
for reactions involving unreactive electrophiles, particularly unactivated aryl chlorides.' 3
Recent advances in Stille cross-couplings have focused on developing highly-
active catalysts for unreactive systems.'42 The most general method for achieving Stille
reactions of unactivated aryl chlorides has been developed by Littke and Fu and involves
the use of the Pd/P(t-Bu)3/CsF system.'4 3 Electron-deficient, electron-rich, as well as
hindered aryl chlorides participate in Stille reactions in the presence of this catalyst (eq
50). The reaction proceeds much more rapidly when CsF is employed, which is
attributed to its role in activating the organotin reagent for transmetallation. In addition,
formation of the insoluble Bu3SnF byproduct simplifies purification of the reaction.
141 For reviews, see: (a) Farina, V.; Krishnamurthy, V.; Scott, W. J. Org. React. 1997, 50, 1. (b) Mitchell,
T. N. In Metal-Catalyzed Cross-coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New
York, 1998; pp 167-202. (c) Fugami, K.; Kosugi, M. Top. Curr. Chem. 2002, 219, 87.
142 This section will focus on the research reported from the Fu lab. For another important example of
highly-active catalyst systems for Stille reactions, see: Grasa, G. A.; Nolan, S. P. Org. Lett. 2001, 3, 119.
14 Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. Engl. 1999, 38, 2411.
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Subsequent studies showed that the commercially available Pd[P(t-Bu) 3] 2 can substitute
for Pd/P(t-Bu)3 in the reactions involving aryl chlorides.44
1.5 mol% Pd2(dba)3
6 mo,% P(t-Bu)3
CI + Bu3SnR 6 mo% P(t-u)/ R (50)/X/\=/ ~~ ~2.2 equiv CsF 
"~~ ~~~~X~~ ~dioxane
80-100 °C
214 243 244
61-98%
Recently and subsequent to our work, Fu and co-workers have been able to effect
Stille reactions of alkenylstannanes with alkyl bromides that possess P hydrogens.'4 5 The
[(xi-allyl)PdC1]2/P(t-Bu)2Me-based catalyst is useful in room temperature cross-couplings
of a variety of alkenyltin reagents with substituted alkyl bromides. The reaction is
conducted using Me4NF as an additive and in the presence of molecular sieves. In
addition, the use of air- and moisture- stable [HP(t-Bu)2Me]BF4 furnishes comparable
yields for the reaction (eq 51). Further investigations of the reaction revealed that alkyl
bromides couple efficiently with both aryl and vinylstannanes using a new class of
alkyldiaminophosphines.'46 In particular, PCy(pyrrolindinyl)2 was found to be a versatile
catalyst when used with conditions similar to those depicted in eq 51.
2.5 mol% [(n-allyl)PdC] 3
BuR-r +  Snft 15 mol% P(t-Bu)2Me or [HP(t-Bu)2Me]BF4 RR (51)R-Br + BuaSn.' 15 (51)
R 1.9 equiv Me4NF R
3 A molec. sieves
245 246 THF, rt 247
53-96%
'44 Littke, A. F.; Schwarz, L.; Fu, G. C. J. Am. Chem. Soc. 2002, 124, 6343.
145 Menzel, K.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 3718.
146 Tang, H.; Menzel, K.; Fu, G. C. Angew. Chem., Int. Ed. Engl. 2003, 42, 5079.
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Transition Metal-Mediated Carbon-Carbon Bond Forming Reactions of Azulenes
Although transition metal-mediated carbon-carbon bond forming reactions of aryl
halides have been extensively investigated, only scattered reports describing coupling
reactions of haloazulenes had appeared in the literature at the onset of our studies.
However, concurrent with our recent studies a number of examples of transition metal-
mediated reactions of azulenyl halides have been reported. This section will briefly
review both early and recent examples of transition metal-mediated reactions of azulenyl
halides.
To our knowledge, the first example of a transition metal-mediated reaction
involving an azulene derivative was reported by Morita and Takase in 1982.'4' They
demonstrated that several azulenyl iodides, bromides, and chlorides undergo Ullman-type
dimerization to afford biazulenes when treated with an excess of copper metal at high
temperatures. Unactivated azulenyl iodides were found to smoothly provide biazulenes,
while chloroazulenes reacted only when also substituted with electron-withdrawing
substituents (eq 52). A variety of symmetrical biazulenes were synthesized using this
copper-mediated reaction from 1- and 2-haloazulenes, but attempts to achieve cross-
coupling were not very successful. In addition, the scope of the procedure is severely
limited by the harsh reaction conditions.
147 Morita, T.; Takase, K. Bull. Chem. Soc. Jpn. 1982, 55, 1144.
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CO2Et EtOC COEt
Cu, 2200C
-CI / (52)9h
CO2Et 83% EtO2C CO2Et
248 249
A few years later, Iyoda and co-workers reported a nickel-catalyzed dimerization
of azulenyl bromides.'48 This improved procedure requires shorter reaction times and is
performed at lower temperatures. As shown in eq 53, reaction of bromoazulene 250 with
dibromoazulene 251 affords a mixture of biazulene 252, terazulene 253, and tetrazulene
254 in the presence of the zerovalent nickel complex. In addition, exposure of
dibromoazulene 251 to the nickel catalyst results in the formation of polyazulene.
Br
10 mol% NiBr2(Ph3P)2l / > \ /(, 2 equiv Zn
yI / + \ ,- / Et4NI, THF, 50 °C
Br BrBr
+
(53)
4:1
n=1 13%
n = 2 7.5%
250 251 252 n = 1 253
n =2 254
In 1986, Balschukat and Dehmlow reported the first Kumada and Negishi cross-
couplings of azulenyl bromides (eq 52a).'49 6-Aryl-substituted azulenes were synthesized
from 6-bromoazulene-derivatives using both organozinc and magnesium reagents in the
presence of Pd(PPh3) 4. In addition, the nickel-catalyzed dimerization of 6-bromoazulene
148 Iyoda, M.; Sato, K.; Oda, M. Tetrahedron Lett. 1985, 26, 3829.
149 Balschukat, D.; Dehmlow, E. V. Chem. Ber. 1986, 119, 2272.
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255b was demonstrated to form symmetrical biazulene 256b under relatively mild
conditions (eq 52b).
Br C H/2 CH17
255a
CO2Et
255b
H3C / Y
2.8 equiv
C8H1 7 (53a)4 mol% Pd(PPh 3) 4 C8H7 (53a)
THF, rt, 20 h
Y=ZnCI 81%
Y = MgBr 57% 256a
5 mol% NiCI2(PBu3) 2
1 equiv Zn
2.2 equiv KI
HMPTA, 45 °C, 6h
38%
256b
The first Heck reaction of an azulenyl halide was described by Horino in the early
1990's.15° Horino and coworkers found that 2-iodoazulene (257) reacts with styrene in
the presence of Pd(PPh3)4 to provide vinylazulene 258 in low yield (eq 54). The electron-
rich nature of the five-membered ring of azulene inhibits coupling reactions with 1-, 2-,
or 3-haloazulenes, presumable due to decreased rates of oxidative addition. Indeed,
incorporation of an electron-withdrawing group on the five-membered ring increases the
reactivity of an azulenyl bromide in the Heck reaction (eq 55). In addition, Horino
demonstrated that various 6-bromoazulene derivatives also participate in Heck reactions.
150 Horino, H.; Asao, T.; Inoue, N. Bull. Chem. Soc. Jpn. 1991, 64, 183.
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(53b)
i
H3C
Ph
at. Pd(PPh3) 4, Et3N
THF, 120 C, 18h
30%
Z
cat. Pd(PPh3)4, Et3N
THF, 120 C, 18h
Z = Ph 66%
Z = COOMe 88%
<r/~·~"-Ph
(54)
258
CO2Et
Z (55)
z
260
Several years later, Dyker and co-workers reported an unusual type of Heck
reaction involving azulene itself. 15 It was shown that azulene is arylated by iodobenzene
and 4-nitro-l-chlorobenzene at the C-I position under Jeffery-type phase transfer
conditions, albeit in very low yields (eq 56). Although this method is not synthetically
useful, it does illustrate azulene's unusual reactivity due to its dipolar nature.
R
5 equiv
2619
5 mol% Pd(OAc)2
8 equiv K2CO3
2 equiv n-Bu 4NBr (only iodobenzene)
DMF, 100-140 °C, 3 d
X=l, R=H 13%
X = CI, R = N0 2 16%
151 Dyker, G.; Borowski, S.; Heiermann, J.; Korning, J.; Opwis, K.; Henkel, G.; Kockerling, M. J.
Organomet. Chem. 2000, 606, 108.
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a
257
CO2 Et
Br
259
(56)
262
Also in 2000, Hafner described the first Sonogashira coupling of azulenyl
iodide.52 The synthesis of mono- and polyethynylated azulenes from 1- and 2-
iodoazulene and 1,3-diiodoazulene were found to proceed in 80-90% yield (e.g., eq 57).
In addition, treatment of 263 with NIS leads to the formation of the corresponding 1,3-
/liistlalilna lrhi .o.IlA th[,- Up --ilnlAins imlrfhn tnnri1 ti
U.L11uUUaLUIll1, W¥11tll bUgluLu 11 U ,L [u I.4,,JUI.l1iU 111 a oiLLLLa11111ll LJOiJL LJu IUVl vIU a I1- --
ethynylated azulene. This procedure has been exploited by both Hafner and Ito to
synthesize poly(azulenylethynyl)benzene derivatives (see Chapter 5).1'52b,153,154
.IiA.e,_ |
l
1/= 1 - SiMes3
0.04 mol% PdCI2 (PPh3 )2
0.08 mol% Cul, Et3N
rt
-II-3Q (
(57)
257 263
Concurrent with our own studies, Sugihara has also investigated Suzuki cross-
coupling reactions involving azulenes."55 By utilizing Miyuara's protocol for
synthesizing arylboronates, Sugihara and co-workers could synthesize 2- and 6-
borylazulenes from azulenyl iodides and bromides (e.g., eq 58). The azulenylboronates
(e.g., 264) could then be coupled with haloazulenes and heteroaromatic halides to form
polyaromatic compounds (eq 59).
152 (a) Fabian, K. H. H.; Elwahy, A. H. M.; Hafner, K. Tetrahedron Lett. 2000, 41, 2855. (b) Elwahy, A.
H. M.; Hafner, K. Tetrahedron Lett. 2000, 41, 4079.
153 Ito, S.; Inabe, H.; Morita, N.; Ohta, K.; Kitamura, T.; Imafuku, K. J. Am. Chem. Soc. 2003, 125, 1669.
154 For other recent examples that employ this Sonogashira reaction with 6-bromoazulene, see: (a) Ito, S.
Inabe, H.; Okujima, T.; Morita, N.; Watanbe, M.; Imafuku, K. Tetrahedron Lett. 2000, 41, 8343. (b) Ito,
S.; Inabe, H.; Okujima, T.; Morita, N.; Watanabe, M.; Harada, N.; Imafuku, K. J. Org. Chem. 2001, 66,
7090. With 1-iodoazulene, see (c) Elwahy, A. H. M. Tetrahedron Lett. 2002, 43, 711.
155 Kurotobi, K.; Tabata, H.; Miyauchi, M.; Murafuji, T.; Sugihara, Y. Synthesis 2002, 1013.
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l
228
3 mol% Pd(dppf)CI2
3 equiv KOAc, DMSO
80 °C, 5 h
42%
(58)
264
CO2 Et
H2N 
/Et2C - BrEt2C =
265
264
14 mol% Pd(dppf)C12
2 equiv Ba(OH)2, DME-H20
reflux, 24 h
71%
CO2Et
H2 N A
EtO 2 C
266
In addition, Sugihara and co-workers reported the first example of the formation
of azulenyllithium and magnesium species from haloazulenes.' 56 1,3-Dichloro-2-
iodoazulene (267) undergoes halogen-metal exchange to form the corresponding lithium
or magnesium azulene derivative, and these species can be trapped with a number of
different electrophiles including carbonyl compounds, tosyl azide, trimethylsilyl chloride,
and diphenylphosphonyl chloride. In addition, trapping with trimethoxyborane provides
an alternative route to azulenylboronates (eq 60).
156 Kurotobi, K.; Tabata, H.; Miyauchi, M.; Mustafizur, R. A. F. M.; Migita, K.; Murafuji, T.; Sugihara,
Y.; Shimoyama, H.; Fujimori, K. Synthesis 2002, 30.
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257
(59)
I
I
g
CI
cI
267
CI
PhLi or LTMP Li B(OMe)3
THF, -70 C then H20
L 26885%
268
CI
26 B(OH) 2
269 
(60)
More recently, Sugihara has reported a third method for generating 2-
borylazulenes'57 based on C-H activation methods with iridium catalysis.5 8 Azulene
reacts with bis(pinacolato)diboron 228 in the presence of chloro(1,5-
cyclooctadiene)iridium(I)dimer to form a mixture of 2- and 1-borylazulenes (264 + 270)
(eq 61). The reaction presumably proceeds via a 7 complex between the five-membered
ring of azulene and iridium, with the more electron-poor C-2 position being preferentially
borylated.
B-B
228
228
10 mol% 1/2-[IrC(COD)]2/bpy
cyclohexane, refux, 14 h
bpy =
0
B-O
-
70%
264
Several other metalated azulenes have been reported during the course of our
studies. Morita has described the synthesis of an azulenyl tin compound and its use in
'
57 Kurotobi, K.; Miyauchi, M.; Takakura, K.; Murafuji, T.; Sugihara, Y. Eur. J. Org. Chem. 2003, 3663.
158 (a) Ishiyama, T.; Takagi, J.; Hartwig, J. F.; Miyuara, N. Angew. Chem. Int. Ed. 2002, 41, 3056. (b)
Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; Hartwig, J. F. J. Am. Chem. Soc. 2002,
124, 390. (c) Cho, J-Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E., Jr., Smith, M. R., III. Science, 2002,
295, 305. (d) Cho, J-Y.; Iverson, C. N.; Smith, M. R., III. J. Am. Chem. Soc. 2000, 122, 12868.
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-=
9
+ (61)
10%
Z70
Stille cross-coupling reactions.'5 9 6-(Tributylstannyl)azulene 272 was successfully
produced from the corresponding azulenyl bromide via palladium-catalyzed stannylation
with hexabutylditin (eq 62), and 272 reacts with several aryl bromides in Stille couplings
as illustrated in eq 63.
/, Br cat. Pd(PPh3)4, (Bu3 Sn)2
toluene, reflux, 1 d
49%
271
v// \SnBu 3 (62)
272
/ \SnBu3
272
NO2
273
10 mol% Pd2 (dba)3
40 mol% Pt-Bu3
2.2 equv CsF
dioxane, reflux, 2 h
83%
NO2
274
Stille couplings of azulenyl bromides were also investigated by Becker and co-
workers.3 0 In efforts to synthesize a stilbazulenyl nitrone, these researchers developed a
Stille cross-coupling of bromoazulene 275 with bistributylstannyl ethylene (eq 64).
159 (a) Okujima, T.; Ito, S.; Morita, N. Tetrahedron Lett. 2002, 43, 1261. (b) Ito, S.; Okujima, T.; Morita,
N. J. Chem. Soc. Perkin Trans. 1 2002, 1896.
97
(63)
SnBu 3
Bu3Sn 276
5 mol% Pd(PPh3)4
toluene, 105 °C
81%
(64)
275 277
Palladium-catalyzed C-H and C-N bond-forming reactions of azulenes have
recently been reported by the Morita laboratory. These researchers have shown that 2-
azulenyl triflate can be reduced to azulene using palladium acetate and formic acid.'60
Additionally, this group has developed the first palladium-catalyzed amination of
substituted azulenes.'6 1 Application of Buchwald's protocol resulted in the efficient
coupling of 2-bromoazulene 278 with various primary and secondary amines to form the
corresponding aminoazulenes 279 (eq 65).
HNRR'
cat. Pd2(dba3), BINAP
NaOt-Bu
toluene, 100 C, 1 h
66-94%
278 279
160 Ito, S.; Yokoyama, R.; Okujima, T.; Terazono, T.; Kubo, T.; Tajiri, A.; Watanabe, M.; Morita, N. Org.
Biomol. Chem. 2003, 1, 1947.
161 Yokoyama, R.; Ito, S.; Okujima, T.; Kubo, T.; Yasunami, M.; Tajiri, A.; Morita, N. Tetrahedron 2003,
59, 8191.
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It is important to note that the majority of the transition metal-mediated reactions
of azulenes discussed thus far have utilized 1-, 2-, and 6- haloazulenes. These azulenyl
halides have been synthesized using reactions that exploit azulene's reactivity towards
electrophiles and nucleophiles. In general, electrophilic halogenation of azulenes
provides access to 1- and 3-haloazulenes. The C-2 and C-6 positions are more difficult to
access and substitution at these positions can only be achieved from reactions of azulenes
that are suitably functionalized for certain addition/elimination reactions or which are
blocked by substitutents at the more reactive C-1 and C-3 positions. Azulenes substituted
with carboxylic esters at C-1 and C-3 are most frequently used as precursors to 2- and 6-
substituted azulenes because the ester moiety can be removed via hydrolysis and
subsequent decarbonylation. These methods of generating haloazulenes clearly lack the
ability to produce a wide range of azulenyl coupling partners for transition metal-
catalyzed reactions. Recall that one of the advantages of our ring exapansion-annulation
strategy is its ability to give rise to azulenes halogenated at various positions on the
seven-membered ring, providing the potential for further synthetic elaboration.
Transition Metal-Mediated Reactions of Azulenyl Halides Prepared by Ring
Expansion-Annulation
As discussed in Chapter 2, one of the azulenes prepared by John Kane in his early
studies of our ring expansion-annulation strategy was 4-iodoazulene 98. At that time, the
only reported Pd-catalyzed reactions involving azulenes were the Heck reactions that had
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been described by Horina in 1991.15° It was expected that reactions of azulenes
halogenated on the electron deficient seven-membered ring would occur more readily
than those substituted with halogens on the five-membered ring.
Kane found that the Heck reaction of iodoazulene 98 with methyl acrylafe under
Jeffery's conditions 6 provided vinylazulene 280 in good yield (eq 66). Additionally,
iodoazulene 98 participated in a standard Negishi reaction, coupling with thienylzinc
chloride to produce the arylazulene 282 in 81% yield (eq 67).llde.62
COONe
CO2 Me
201
0.10 equiv Pd(OAc)2 , NaHCO3
n-Bu 4NCI, DMF, rt, 25 h
OAc 
-no,
(66)
IW7O OAc
98 . 280
I ZnCI
281
0.04 equiv Pd2(dba)3
0.16 equiv PhAs
OAc THF, rt, 30 min
(67)
OAc
81%
98 282
Recently, in the course of our studies of azulenylamino acids (see Chapter 6), we
reinvestigated the Heck reaction described in eq 66. By employing Buchwald's modified
Jeffery conditions,"'5 we were able to increase the yield of this reaction to 96% (eq 68).
162 For a review of coupling reactions with organozinc reagents, see: (a) Negishi, E.-i.; Liu, F. In Metal-
catalyzed Cross-coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998; pp 1-
48.
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This example clearly illustrates the impact that advanced catalyst systems can have on
increasing the efficiency of transition metal-catalyzed C-C bond forming reactions.
COMe
OAc
CO2Me
201
3 mol% Pd(OAc)2, 1.5 equiv Cy2NMe
1.0 equiv Et4NCI, DMA, 65 °C, 25 h
96%
98
(68)
OAc
280
The above examples demonstrate that iodoazulene 98 is an excellent substrate for
transition metal-catalyzed reactions. While it was expected that iodazulene 98 would
readily participate in these reactions due to the electrophilic nature of the seven-
membered ring, the reactiviy of 1-azulenyl triflate 34 was still in question. This electron
rich azulenyl triflate would most likely have decreased reactivity in transition metal-
catalyzed reactions. The following section will discuss our efforts to utilize azulenyl
triflates in cross-coupling reactions.
Attempted Transition Metal-Catalyzed Reactions of Azulenyl Triflate 34
The successful preparation of azulenyl triflate 34 via an annulation-ring expansion
strategy was described in Chapter 2. With an efficient method for generating this
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compound in hand, John Kane turned his attention toward examining the reactivity of 34
in various coupling reactions (Scheme 22).163'64
Scheme 22
Transition Metal-Mediated
C-C Bond Forming Reactions
RM
OTf R
34 35
Kane began investigations by examining the Suzuki reaction of azulene triflate 34
with triethylborane to afford 1-ethylazulene.6 5 A variety of conditions were explored for
this reaction, but Kane was not able to accomplish this transformation in good yield. For
example, under standard protocols, reaction of triflate 34 with excess triethylborane in the
presence of Pd(dppf)C12 and aqueous sodium hydroxide led to the formation of
ethylazulene 283 in very low yield (eq 69). Various bases, including NaOMe, K3PO4,
and T12CO3 were screened under anhydrous conditions without success. In each case,
John Kane suspected that hydrolysis of the triflate to l-hydroxyazulene and subsequent
decomposition of this very unstable substance was undermining the reaction.
'
63 For details, see Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D.
Thesis, Massachusetts Institute of Technology, Cambridge, MA, May 1994; pp 102-118.
164 For a review of vinyl and aryl triflates, see Ritter, K. Synthesis 1993, 735.
165 For a previous synthesis of 1-ethylazulene, see: Anderson, A. G.; Breazeale, R. D. J. Org. Chem. 1969,
34, 2375.
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-i.,
Et3B, cat. Pd(dppf)C12
NaOH (aq)
(69)
THF, 65 C, 20 h
OTf Et
34 283
In an attempt to identify conditions that would suppress decomposition of the
azulenyl triflate, Kane examined the stability of the compound in a number of solvents
that are typically employed in cross-coupling reactions. These studies revealed that
triflate 34 is completely stable to ethereal solvents such as diethyl ether and THF.
However, rapid decomposition of the triflate occurs in polar aprotic solvents (e.g., NMP,
DMA, and DMF) at room temperature, even with rigorous drying and degassing of the
solvent and in the presence of BHT.
Subsequent coupling reactions involving triflate 34 were conducted mostly in
ethereal solvents and using conditions that should not promote hydrolysis of the triflate.
John Kane investigated several palladium- and nickel-catalyzed carbon-carbon bond
forming reactions including Negishi, Kumada, and Hiyama couplings. Unfortunately,
these reactions produced at best traces of the desired products. Decomposition of the
starting material was the predominant pathway observed in each of these reactions.
In addition, John Kane studied the Stille coupling of azulenyl triflate 34. After
investigating several different organotin derivatives, Kane found that 34 couples with 1-
ethoxy-l-(trimethylstannyl)ethylene (284) using Farina's conditions'6 6 in modest overall
yield (from diazo ketone 70) to produce the ketone 286 after an acidic work-up (eq 70).
Unfortunately, this reaction required the use of the polar aprotic solvent NMP, as only
recovered starting material was isolated when the reaction was performed in THF.
166 Farina, V.; Krishnamurthy, V.; Scott, W. J. Org. React. 1997, 50, 1.
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Although a significant amount of triflate 34 is destroyed during the reaction, under these
conditions the formation of the desired product is competitive with decomposition.
OEt - 1
1.5 equiv
284 SnBu3
0.04 equiv Pd2(dba)3
OTf 0.16 equiv Ph3As
.0 l r, iv iC i RH-IT E
(70)
NMP, rt, 2.5 h
34 34% from 70 285 286
It was clear from John Kane's studies that azulene triflate 34 does not behave like
typical aryl triflates. The compound is prone to hydrolysis and seems to have
significantly lower reactivity as compared to phenyl triflates. Fortunately, in the years
since Kane's studies, important advances have been reported in the area of palladium-
catalyzed C-C bond-forming reactions. As reviewed earlier in this chapter, highly-active
new catalyst systems now allow many coupling reactions to be achieved under milder
conditions (and with less reactive substrates) than was possible previously.
Consequently, in 2000 we decided to reinvestigate palladium-catalyzed coupling
reactions of azulenyl triflate 34 employing these new ligand systems.
Palladium-Catalyzed C-C Bond Forming Reactions of Azulenyl Triflates
Suzuki Cross-Coupling Reactions
Initial studies were conducted by Kevin Shea and focused on Suzuki reactions
involving azulenyl triflate 34. Shea made several important observations concerning the
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handling and storage of this sensitive compound. Shea prepared 34 as described by John
Kane (see eq 20), but found that it is best to carefully concentrate the solution from the
workup by rotary evaporation to a volume of ca. 5 mL prior to its use in reactions.
Concentration of the solution to dryness on the rotary evaporator leads to spontaneous
decomposition producing an intractable black solid. Shea found that triflate 34 can be
stored overnight at 4 C as a dilute solution in CH2C 2 or Et 2O without incident, but
prolonged storage results in the decomposition of the compound. In addition, Shea
observed that purification via column chromatography results in significant
decomposition and by omitting this purification procedure, he obtained a compound of
similar purity (ca. 90-95%) to that isolated after column chromatography in an increased
yield of 91% (compared to 64%).
Br 0.01 equiv Rh2(OPiv)4
then 1.0 equiv PhNTf2
3.0 equiv DMAP
(71)
CH2CI2, rt
N2I~ ~ ca. 91% oscFN2
70 34
Although Buchwald had not reported the Suzuki coupling of any aryl triflates
with his improved ligand system, it had been demonstrated that aryl triflates are excellent
substrates for palladium-catalyzed amination reactions using similar catalyst systems.167
With much anticipation, Kevin Shea re-investigated Suzuki couplings of triflate 34 using
167 Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1158.
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Buchwald's newly reported conditions.'6 Initial coupling attempts with triethylborane
using Buchwald's conditions were very promising. Optimization studies were conducted
by examining several variations of the precatalyst (Pd(OAc)2 and Pd2(dba)3), different
phosphine ligands (218 and 219), various bases (KF and CsF), borane reagents (Et3B, Et-
9-BBN), and different reaction temperatures and time. Although success was obtained
with both of these boron reagents and bases, and also at both elevated and room
temperature, Shea found that optimal results were achieved using palladium acetate,
phosphine ligand 218, and CsF as shown in eq 72. Under these conditions, 1-
ethylazulene was obtained in a very satisfactory overall yield of 47% for the ring
expansion-annulation, trifluormethansulfonylation, and Suzuki coupling.
1.4 equiv Et3B
Br 0.05 equiv Pd(OAc)2
0.075 equiv 218
cat. Rh2(OPiv)4 3.0 equiv CsF
_N__ 0. (72)
PhNTf2 THF, 65 C, 10 min
DMAP O
47% overall
frnm 7n
70 34 283
The synthetic utility of this strategy was demonstrated by applying it to the total
synthesis of egualen sodium (2), an anti-ulcerative drug developed by the Kotobuki
Seiyaku Company.31 " '6 9 Azulenyl triflate 287 was prepared from diazo ketone 75, which
had been synthesized by John Kane in six steps. Using conditions that worked well for
the coupling of unsubstituted azulene triflate 34, Shea reacted triflate 287 with
16 8 Fu's report discussing the Suzuki reaction of aryl triflates was published subsequent to Dr. Shea's initial
re-investigation of the reaction of triflate 34 using the Buchwald conditions.
169 (a) Yanagisawa, T.; Kosakai, K.; Tomiyama, T.; Yasunami, M.; Takase, K. Chem. Pharm. Bull. 1990,
38, 3355. (b) Yanagisawa, T.; Kosakai, K.; Izawa, C.; Tomiyama, T.; Yasunami, M. Chem. Pharm. Bull.
1991, 39, 2429. (c) Mochizuki, S.; Mastsumoto, M.; Wakabayashi, S.; Kosakai, K.; Tomiyama, A.;
Kishimoto, S. J. Gastroenterol. 1996, 31, 785.
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triethylborane in the presence of KF or CsF and obtained azulene 288 in 42% and 38%
yield, respectively (eq 73). Unfortunately, this reaction did not prove to be very
reproducible. In subsequent experiments, the yield for this coupling varied and was
sometimes as low as 25%. Nonetheless, this material could be converted into egualen
sodium using SO03-pyridine. The drug can be prepared using our method in nine steps
from m-isopropylphenol in approximately 19% overall yield with only three purifications
by column chromatography, and this synthesis is more efficient and convenient than the
original approach developed by Kotobuki Seiyaku."
1.4 equiv Et3B
u.uo equI ruAc) 2
0.075 equiv 218
cat. Rh2(OPiv)4 3.0 equiv KF or CsF
PhNTf2 THF, 70 °C, 10 min
DMAP
25-42% overall
OTf f,, 7
75 287 288
In further studies, Kevin Shea attempted to prepare phenylazulene from P'-bromo-
a-diazo ketone 70 using a Suzuki reaction of 34 with Buchwald's ligand (218).
Unfortunately, azulene triflate 34 failed to react with phenylboronic acid as well as the
corresponding catechol and pinacol boronate esters under similar conditions.
Decomposition of azulenyl triflate 34 was observed in all cases. However, employing the
more reactive organoboron partner B-phenyl-9-BBN"' led to significantly better results.
This reaction was performed using the standard Buchwald conditions and provided 1-
phenylazulene in good yield (eq 74).
170 For a detailed discussion of this synthesis, see (a) Shea, K. M. Studies on Polycyclic Unsaturated
Compounds: 1. Synthesis and Properties of Cyclopenta[a]phenalenes 2. Synthesis of Substituted
Azulenes. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, May 1999; pp 187-195.
(b) Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, May 1994; pp 119-127.
171 This compound was prepared according to the procedure of Brown: Kramer, G. W.; Brown, H. C. J.
Organomet. Chem. 1974, 73, 1.
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I 1 -- -
cat. Rh2(OPiv)4
PhNTf2
DMAP OTf
34
1.4 equiv Ph-9-BBN
0.05 equiv Pd(OAc)2
0.1 equiv 218
3.0 equiv KF,
THF, 70 °C, 3.5 h
36-44% overall
from 70
My initial research in this area focused on optimizing conditions for the Suzuki
coupling of azulenyl triflate 34 and further exploring it's reactivity. My initial
investigations revealed that the outcome of the Suzuki reaction is quite sensitive to
reaction temperature. Heating the reaction mixture to temperatures of 75 C and above
caused the yields to drop to a range of 8-26%, and azulene, a byproduct resulting from [-
hydride elimination, was obtained in yields of 10-45%. This is a serious complication
since azulene is difficult to separate from the desired Suzuki coupling products.
Two additional ligands were explored in reactions with triethylborane:
aminophosphine 21724 and 2,2'-bis(dicyclohexylphosphino)-l ,1'-binaphthyl (Cy2BINAP)
(290).172 The structure of 217 is similar to that of ligand 218 and this ligand was equally
effective in the Suzuki reaction of 34 with B-Et-9-BBN (36% yield). However,
Cy2BINAP (290) was inferior, and its use led to a 1:1 mixture of ethylazulene and
azulene in only 16% yield.
Pt-Bu 2
20 PCY2
Me2 N
217 290
172 Zhang, X.; Mashima, K.; Koyano, K.; Sayo, N.; Kumobayashi, H.; Akutagawa, S.; Takaya, H. J. Chem.
Soc., Perkin Trans. 1 1994, 2309.
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Br
W-
70
- C- " ~n., (74)
Ph
289
. _ . ."
· · · ·
Kevin Shea had shown that both KF and CsF are effective bases for Suzuki
reactions of 34, but given the hygroscopic nature of these bases, we wanted to find a base
that was less difficult to handle. The recent demonstration of the efficacy of cesium
carbonate in the Suzuki reaction '2 2" 73 led us to test its capabilities in our coupling. We
were pleased to discover that Cs2CO3 is very effective in our system, and with the use of
this base the yield of ethyl and phenylazulene increase to 56 and 60%, respectively (eq 75
and 76).
Br
cat. Rh2(OPiv)4
PhNTf2
DMAP OTfOTf
5 equiv Et-9-BBN
0.05 equiv Pd(OAc)2
0.075 equiv 218
3.0 equiv Cs2CO3
THF, rt, 2 h
56% overall
from 70
34
cat. Rh2 (Piv) 4
PhNTf2
DMAP OTf
34
1.4 equiv Ph-9-BBN
0.05 equiv Pd(OAc)2
0.1 equiv 218
3.0 equiv Cs2CO3
THF, 65 °C, 15 min
60% overall
from 70
The use of Cs2CO3 as a base was explored further in attempts to improve the yield
of l-ethyl-5-isopropylazulene, an intermediate in our total synthesis of the anti-ulcer drug
egualen sodium (vide supra). This coupling had previously been achieved in variable
yields of 25-42% (overall from' diazo ketone 75) using KF or CsF (eq 73). We were
optimistic that the use of Cs2CO3 would increase the yield of ethylisopropylazulene 288
173 (a) Katz, H. E. J.Org. Chem. 1987, 52, 3932. (c) Johnson, C. R.; Braun, M. P. J. Am. Chem. Soc. 1993,
115, 11014.
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(75)
70
70
283
- C--) ___ -/(76)
Ph
289
. . .. _. .
I J
based on the results of the coupling of azulenyl triflate 34. Unfortunately, utilizing
Cs2CO3 as the base gave 288 in 36% yield.
Br
cat.Rh2(OPiv)4
PhNTf2
0 DMAP
N2
75
5 equiv Et-9-BBN
0.05 equiv Pd(OAc)2
0.075 equiv 218
3.0 equiv Cs2CO3
THF, rt, 5 h
36% overall
from 75
287
The Suzuki coupling of azulenyl triflate 34 using conditions described by Fu (vide
supra) were also investigated. Personal communications with Adam Littke led us to
believe that optimal conditions to investigate with our substrate would include the use of
PCy3 and Cs2 CO3. We were pleased to find that the Fu system was also effective for
Suzuki couplings of azulene triflate 34 to form ethylazulene 283, although the overall
yield (40%) under these conditions are clearly inferior to our optimal protocol (eq 75).
cat. Rh2(OPiv)4
PhNTf2
DMAP OTf
1.4 equiv Et3B
0.05 equiv Pd(OAc)2
0.06 equiv PCy3
3.0 equiv Cs2 CO3
THF, rt, 8 h
40% overall
from 70
34
As discussed in Chapter 2, halobenzenes are good substrates in our ring
expansion-annulation strategy, allowing for the preparation of a variety of azulenes
bearing one or more halogen substituents on the seven-membered ring. For example,
application of the ring-expansion annulation to diazo ketone 83 afforded the
110
(77)
288
70
(78)
283
chloroazulene 103 (with an acetoxy group at C-1) in 61% yield (see Chapter 2). By
employing PhNTf2 in place of acetic anhydride, we were similarly able to prepare the
azulenyl chlorotriflate 291. This compound allowed us to investigate whether two
separate couplings could be achieved on the five- and seven-membered rings. Initially,
we attempted to react triflate 291 with 1.2-1.4 equivalents of Et3B at both elevated
temperature and at room temperatures using Buchwald ligand 218, but these reactions
were not fruitful and in all cases, we isolated only the di-substituted product. It was clear
that the reactivity of the azulenyl chloride and triflate were too similar to allow for
selective coupling at only one position. However, by using two or more equivalents of
Et3B, the one-pot double coupling of 291 could be achieved in very good overall yield
from diazo ketone 83 (eq 79).
2.4 equiv Et3B
Cl'
0.05 equiv Pd(OAc)2
0.075 equiv 218
cat Rh2 (OPiv)4 Cl 3.0 equiv Cs2CO3
(79)PhNTf2 THF, rt, 2 h
DMAP OTf
49% overall
Trom W3
83 291 292
Synthesis and Suzuki Cross-Couplings of Azulenylboronate 270
As disucussed above, the sulfonate derivatives of 1-hydroxyazulenes had proved
to be relatively unstable compounds. Although they can be stored overnight in solution,
prolonged storage leads to significant decomposition. It occurred to us that one way to
address this problem would be to convert the azulenyl triflates resulting from our ring
expansion-annulation reactions into azulenyl boron or tin derivatives. We anticipated
that these azulenes should be relatively stable and that they should participate in Suzuki
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and Stille coupling reactions with aryl, vinyl, and alkynyl halides to produce a variety of
substituted azulenes. At the time we began these studies, no examples of an
azulenylboronate had been reported, and certainly nothing was known concerning the
conversion of azulenyl halides and sulfonates into azulenylboronates.'7 4
We began our studies by examining Miyaura's system for coupling
pinacolatodiboron 228 with aryl triflates (see eq 43). From our previous Suzuki coupling
studies, we knew that the azulenyl triflate 34 was not stable at temperatures above 70 °C.
Therefore it was decided to run the reaction at 65 C, a temperature that successfully
permitted Suzuki reactions of triflate 34 to be achieved without significant
decomposition. Unfortunately, using Miyuara's catalyst system at this temperature
resulted only in decomposition of azulene triflate 34 (eq 80).75
4 0
228 B-o
----------------------- 00 (80)
3 mol% PdCI2(dpp 
3 mo1% dppf
3.0 equiv KOAc
34 dioxane, 65'C 270
NOT OBSERVED
We next attempted the reaction of azulene triflate 34 with pinacolatodiboron 228
in the presence of palladium acetate and Buchwald's ligand 218. We hoped that this
highly-active catalyst system would promote the coupling reaction as it had in the case of
Et3B and Ph-9-BBN. Unfortunately, application of the protocol outlined in eq 81 again
174 Subsequent to our studies, Sugihara reported the synthesis of a 2- and 6-borylazulene (vide supra).
175 It is interesting to note that l-naphthyl triflate undergoes coupling with pinacolatodiboron 228 under
these conditions at 100 °C in 85% yield, illustrating the difference between azulenyl triflate 34 and other
aryl triflates.
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resulted in only decomposition of the azulenyl triflate.
228
5 mol% Pd(OAc)2
10 mol% 218
3.0 equiv KOAc
THF,65 °C
(81)
270
NOT OBSERVED
Following these discouraging results, we turned our attention to forming the
azulenylboronate 270 with pinacolborane 235. We had originally hesitated to use this
reagent because of its tendency to serve as a hydride donor leading to the reduction of
aryl halides and triflates. However, recall that Baudoin had found that using
triethylamine and Buchwald's ligand 218 effectively catalyzed the desired transformation
while suppressing the reductive side reaction.140 We were optimistic that Baudoin's
protocol would be effective using azulenyl triflate 34. To our delight, initial attempts
using Baudoin's procedure resulted in the desired azulenylboronate 270, albeit in low
yield (eq 82).
4 equiv
235
OTf
34
5 mol% Pd(OAc)2
20 mol% 218'
4 equiv Et3N
THF, 65 C, 18 h
13% overall
from 70
(82)
270
113
OTf
34
Further studies led to significant improvements in the yield of this reaction.
Conducting the reaction at room temperature proved optimal, with the reaction time
varying from 5 to 16 h depending on scale. We found that the number of equivalents of
pinacolborane 235 can be reduced from four to two without significantly affecting the
efficiency of the reaction. Under our optimal conditions (eq 83) diazo ketone 70 can be
converted to the boronate 270 in 45-51% overall yield. This reaction has been performed
on nearly a 400-mg scale. Unfortunately, attempts to conduct the reaction on 1 to 2-g
scale resulted in a significant decrease in the yield of boronate 270.
2-3 equiv - B-H
235 B 
5 mol% Pd(OAc)2 (3
20 mol% 218
4 equiv Et3N
34 THF,rt, 5-16 h 270
45-51% overall
from 70
Azulenylboronate 270 is a dark purple solid (mp 56-58 C). The IR spectrum of
this azulenyboronate displays an absorbance at 1342 cm-', which is characteristic of
boron-oxygen stretches. The proposed proton assignments and 1H NMR spectrum of 270
are shown below. The proton NMR spectral data is consistent with that expected for a 1-
substituted azulene. However, protons 2 and 8 are perturbed by the incorporation of
boron into the molecule, perhaps due to their proximaty to the boronate ester.
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Table 6. H NMR Data for Azulene and Azulenylboronate 270
Azulene Azulenylboronate 270
H chemical shift (8 ppm) H chemical shift (8 ppm)
1 7.30 1
2 7.81 2 8.35
3 7.30 3 7.38-7.42
4 8.23 4 8.43
5 7.05 5 7.31
6 7.45 6 7.68
7 7.05 7 7.38-7.42
8 8.23 8 9.18
B-0
20 .. .
8.5 8.3 8.1 7.9 7.7 7.5 ppm
.......... ................... . ................
-v ,'---r--r--r---r--l-r--w-F-T--'--T-'T-]-- , T-I I I , . I : I ' I -....'I|IToI -  ' I ' !
8 7 6 5 4 3 2 1 ppm
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We were particularly pleased to find that azulenylboronate 270 is a stable
compound. This azulene derivative is stable to purification by column chromatography
on silica gel. The compound does, however, decompose quickly on alumina and on silica
gel in the presence of 5% triethylamine. Azulenylboronate 270 can be stored as a solid or
as a solution in methylene chloride or benzene in the refrigerator for prolonged periods of
time. However, we have observed decomposition of azulenylboronate 270 at room
temperature in deuterated chloroform.
With an efficient route to 270 in hand, we were able to undertake a systematic
investigation of the Suzuki coupling reactions of this azulenyl boronate. At the time we
began these studies, no examples of a coupling reaction of azulenylboron compounds had
been reported. We decided to initiate investigations of the Suzuki couplings of
azulenylboronate 270 using an activated aryl bromide, bromoacetophenone (294). With
nothing known of the reactivity of azulenylboronates at the time, it was necessary to
screen a variety of conditions. We chose to first explore conditions using 1-naphthyl
boronate 293.138 Initially, we employed the catalyst systems PdCl2 (dppf), Pd(OAc)2/218,
and Pd(t-Bu3)2 with various bases (potassium carbonate, potassium phosphate, potassium
acetate, sodium carbonate, barium hydroxide, and KF) for the reaction of 1-naphthyl
boronate 293 with bromoacetophenone 294.76 Employing PdCl2(dppf) as the catalyst
system for this reaction was not efficient when used with K2CO3, K3PO4 , and Na2CO3.
Additionally, low yields of the desired product 295 were obtained using the Fu and
Buchwald catalyst systems with KF. However, the use of the PdCl2(dppf) and
Pd(OAc)2/218 catalyst systems in the presence of barium hydroxide gave satisfactory
results. The optimal yield for the reaction of naphthylboronate 293 with arylbromide 294
was achieved using PdCl2(dppf) and Ba(OH)2 in a 1:1 mixture of DME and H20 (eq
176 In addition to references 130-135, see: (a) Satoh, Y.; Gude, C.; Chan, K.; Firooznia, F. Tetrahedron
Lett. 1997, 38, 7645. (b) Satoh, Y.; De Lombaert, S.; Marcupulos, N.; Moiterni, J.; Moskal, M.; Tan, J.;
Wallace, E. Tetrahedron Lett. 1998, 39, 3367. (c) Firooznia, F.; Gude, C.; Chan, K.; Marcopulos, N.;
Satod, Y. Tetrahedron Lett. 1999, 40, 213. (d) Iovine, P. M.; Kellet, M. A.; Redmore, N. P.; Therien, M. J.
J. Am. Chem. Soc. 2000, 122, 8717.
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1.5 equiv I ]
Br
>294 (84)
10 mol% PdCI2(dppf)
5 equiv Ba(OH)2
DME-H2 0
70 °C. 12 h
64%
293 295
The following table summarizes the results of our studies on the optimization of
the Suzuki cross-coupling of azulenylboronate 270 with bromoacetophenone 294. We
attempted this coupling using the conditions found to be optimal for the Suzuki reaction
of naphthylboronate 293 and bromoacetophenone 294 at elevated and room temperature
(entries 1 and 5). In addition, we explored the use of Baudoin's protocol (Pd(OAc)2/218
with Ba(OH)2) for the Suzuki couplings of aryl iodides with phenylboronate derivatives
(entries 2 and 6).'4° Fu and Buchwald catalyst systems (using KF) were also investigated
in the reaction of azulenylboronate 270 and bromoacetophenone 294 (entries 3 and 4). In
most cases, we observed some degree of decomposition of azulenylboronate 270 and
only small amounts of the desired biaryl 296 were isolated. Unfortunately, optimal
results for the coupling of azulenylboronate 270 with aryl bromide 294 led to the
formation of 296 in only 40% yield (entries 1 and 2).
177 The use of a DME:H2 0 solvent system in reactions of arylboronates with aryl halides has been reported
to be effective, see: ref 176a-d.
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Table 7. Suzuki Cross Coupling of Azulenylboronate 270 with Bromoacetophenone
cCOMe
1.1 equiv
Br
294
cat. Pd, Base
Solvent
270
entry
COMe296
catalyst system
10 mol% PdC 2(dppf)
5 mol% Pd(OAc) 2
20 mol% 218
10 mol% Pd(OAC) 2
20 mol% 218
10 mol% Pd(Pt-Bu 3) 2
20 mol% PdCl2(dppf)
10 mol% Pd(OAc) 2
20 mol% 218
base
Ba(OH) 2
Ba(OH) 2
KF
KF
Ba(OH) 2
Ba(OH) 2
solvent
DME/H20
dioxane-H20
THF
THF
DME-H20
dioxane-H20
conditions
65 °C
15-30 min
65 °C
15-30 min
65 °C
96 h
65 °C
15.5 h
rt
48h
rt
48 h
results
40% yield
ca. 40%
yield
ca. 28%
yield
ca. 30%
yield
trace
product
trace
product
The experiments summarized in Table 7 led us to several conclusions. The use of
the rather harsh base barium hydroxide in DME/H20 at elevated temperatures appeared
to be causing some decomposition of the azulenylboronate. In addition, it might be
possible that the reactivity of the aryl bromide we chose as the reaction partner was not
adequate for cross couplings with azulenyl boronate 270. Employment of an aryl. iodide
as a more reactive coupling partner could advantageously affect the outcome of the
reaction. Therefore, the reaction of iodoacetophenone 297 with 1.5 equivalents of
azulenylboronate 270 was performed under conditions analogous to that described in
entry 1 of Table 7. We were pleased to see significant improvements in the yield and a
118
1
2
3
4
5
6
decrease in the reaction time (eq 85).
gI COMe
297
10 mol% PdC12(dppf)
3.0 equiv Ba(OH)2
DME-H 2 0
65 °C, 5 min
67%
(85)
COMe
296
At this point we decided to reexamine the reaction of azulenylboronate 270 using
the Pd(OAc)2/218 catalyst system as described by Baudoin. Baudoin's protocol was
applied to the coupling of arylboronates with aryl iodides. Although this procedure only
resulted in moderate success for the coupling of azulenylboronate 270 with
bromoacetophenone 296 (see entry 2 of Table 7), it was possible that the outcome of a
coupling with aryl iodide 297 could be different. Interestingly, utilizing Baudoin's
procedure in aqueous dioxane (1.7:1 dioxane:water) at elevated temperatures proved to
be even more successful than the conditions described in eq 85 (eq 86). It is important to
note that coupling under Baudoin's protocol was not efficient at room temperature.
COMe
297
5 mol% Pd(OAc)2, 20 mol% 218
3.0 equiv Ba(OH)2
dioxane-H20
65 °C, 15 min
98%
(86)
COMe
296
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1.5 equiv
270
1.5 equiv
I
270
With an effective protocol in hand for a Suzuki cross-coupling with an aryl halide,
we decided to investigate the ability of 270 to undergo couplings with vinyl iodides. Two
iodoalkenes were selected for this study. Vinyl iodide 298 was prepared from propargyl
alcohol, TMSCl, and NaI.17 8 The other vinyl iodide, 300, was synthesized from 1,3-
cyclohexanedione and PPh 3-I2 according to the procedure of Piers.179 We were pleased to
find that both compounds participate smoothly in the Suzuki reaction with
azulenylboronate 270 (eq 87 and 88) under the same optimal conditions developed for
aryl iodide 297. The progress of these coupling reactions is easily monitored given that
drastic color changes in the reaction solution are observed. The solution of
azulenylboronate is purple prior to the coupling reaction. However, upon formation of
(for example) vinyl azulene 301, the color changes to dark green. Interestingly, all four
of these -substituted azulenes (270, 296, 299, and 301) have significantly different
colors. As mentioned earlier, azulenylboronate 270 is a dark purple solid. Arylazulene
296 is a dark blue-green semi-solid, while vinyl iodides 299 (oil) and 301 (solid) are two
different shades of green. This clearly illustrates that the electronic character of azulenes
can be tweaked with slight modifications of the substituents.
II
i,/~OH
298
1.5 equiv / B 5 mol% Pd(OAc)2, 20 mol% 2180 ° 1; 3.0 equiv Ba(OH)2
dioxane-H2 0
(87)
/1 \ ' 65°C, 15min
270 66% 299
178 Irifune, S.; Kibayashi, T.; Ishii, Y.; Ogawa, M. Synthesis 1988, 366.
179 Piers, E.; Grierson, J. R.; Lau, C. K.; Nagakura, I. Can. J. Chem. 1982, 60, 210.
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0300 
.5 uiv /B 0 5 mol% Pd(OAc)2, 20 mol% 218
°. l3.0 equiv Ba(OH)26\k , dioxane-H20
(88)
/ \ ' 65oC, 15min
270 301
Although we see significant improvements in the yield of these reactions with the
use of an excess of azulenylboronate 270, in some cases it would be ideal to employ the
boronate as the limiting reagent. We thought it was important to repeat the couplings
described above using an excess of the organohalogen compound, rather than
azulenylboronate 270. As illustrated in eqs 89-91, the Suzuki reactions proceed in
satisfactory yield based on the azulenyl boronate when this compound is employed as the
limiting reagent.
B COMe
r. -
1.1 equiv 
297
5 mol% Pd(OAc) 2, 20 mol% 218
3.0 equiv Ba(OH)2
dioxane-H 20
(89)
6O ., I, mln -rlim
o· Jn 73% as,1LIV
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AVOD
II
1.5 equiv jHO H
298
5 mol% Pd(OAc)2, 20 mol% 218
3.0 equiv Ba(OH)2
dioxane-H 2 0
65 'C, 15 min
270 44% ' 299
A " :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1.5 equiv i
300
5 mol% Pd(OAc)2, 20 mol% 218
3.0 equiv Ba(OH)2
dioxane-H20
65 °C. 15 min
37%270 301
A brief study was conducted to determine whether the conversion of the azulenyl
triflate 34 to boronate 270 and a subsequent Suzuki coupling could all be accomplished
as a one-pot procedure. Although, formation of the desired azulene 296 did occur, it was
contaminated with an unidentifiable azulenyl byproduct that could not be separated, and
this approach was not pursued further.
Heck Reactions of Azulenyl Triflate 34
During the course of our studies involving transition metal-mediated carbon-
carbon bond forming reactions of azulenyl triflates, we investigated the Heck reaction of
azulenyl triflate 34 with styrene and methyl acrylate. In spite of the significant amount of
effort and time put into these studies, azulenyl triflate 34 did not successfully participate
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in a Heck reaction. This section will briefly describe our investigations.
The recent advances in conditions for the Heck reaction developed in the Fu and
Buchwald labs (vide supra) have all involved the use of aryl halides. It was necessary for
us to first investigate the use of these highly-active catalyst systems with an aryl triflate.
We decided to study the application of the new ligand systems using 1-naphthyl triflate
302180 as a substitute for azulenyl triflate 34, given its ease of handling and availability.
The table below summarizes the reaction conditions we examined and their results. A
number of variations of the Fu and Buchwald conditions were examined. Utilization of
either Fu's 1999 or 2001 protocol led to no reaction (entries 1, 3, and 9). Attempts to
improve these results by replacing Pt-Bu3 with PCy3 , a phosphine ligand shown to be
useful for coupling reactions with triflates,'22 were unsuccessful as well (entries 4 and 10).
However, Buchwald's modified Jeffery conditions were extremely effective for
catalyzing the Heck reaction of naphthyl triflate 302 with both styrene and methyl
acrylate (entries 2 and 5). Unfortunately, azulenyl triflate 34 is not stable in polar aprotic
solvents such as DMA. We therefore investigated the reaction in THF (entry 6) and
acetonitrile (entries 7 and 8). Although the reaction was inefficient in THF, a smooth
Heck reaction of naphthyl triflate 302 with styrene occurred in acetonitrile at both
elevated and room temperatures. The use of the palladium acetate/218 catalyst system
that works well for Suzuki cross-coupling of azulenyl triflate 34 was also investigated,
however, without success (entry 11).
180 Naphthyl triflate 302 was synthesized from -naphthol using triflic anhydride and DMAP at 0 C, see
Crisp, G. T.; Papadopoulos, S. Aust. J. Chem. 1988, 41, 1711.
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Table 8. Heck Reaction of Naphthyl Triflate 302 with Styrene and Methyl Acrylate
R
OTf
- -
' Ph or CO2Me
cat. Pd, Base
Additive, Solvent
302 303
base/
entry olefin Pd cat base/ solvent conditions results
additive
1 methyl Pd2(dba)3/ Cy2NMe THF rt, 68 h no rxnacrylate P(t-Bu) 3
2 methyl Pd(OAc)2 Cy 2NMe/ DMA 65 °C, 16 h 97%acrylate P(c)Et 4NC1
3 styrene Pd(da) 3 Cy2NMe THF rt, 68-70 h no rxnP(t-Bu) 3
4 styrenedba) 3/ Cy2NMe dioxane 65 °C, 48 h no rxnP(Cy) 3
5 styrene Pd(OAc)2 2NMe/ DMA 65 °C, 16 h 99%Et4 NC1
6 styrene Pd(OAc)2 Cy2NMe/ THF 65 C, 48 h no rxnEt4NCl
7 styrene Pd(OAc)2 Cy2NMe/ CH3CN 65 °C/48 h 90%EtNC1
styrene Pd(O~c) Cy2NMe/
8 styrene Pd(OAc) 2 Cy2NMe/ CH3CN rt/113 h 86%Et4NC
Pd(dba) 3 / THF or9 styrene P(t-Bu) 3 Cs 2CO 3 THF or 65 °C/48-88 h no rxnP(t-Bu)3 dioxoane
Pd2 (dba) 3/ THF or10 styrene Pd2(dba)3 Cs2CO3 dioxane 65 °C/48-88 h no rxn11 styrene P(C) THF 65 C/40 h no rdioxane
11 styrene CS2CO3 THF 65 °C/40 h no rxn218
Although we were excited by the result of conducting the reaction in acetonitrile,
we anticipated that azulenyl triflate 34 might be unstable in this solvent, especially at
elevated temperatures. We conducted stablility tests of the azulenyl triflate in acetonitrile
under various conditions. Although completely stable in acetonitrile at room temperature
for over 24 h, triflate 34 decomposes slightly at 65 °C after 40 min and completely after 1
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h. The addition of both Cy2NMe and Et4NCl at room temperature did not significantly
affect the stability of triflate 34. However, these additives did increase the rate of
decomposition at 65 °C.
With these experiments in mind, we examined the reaction of azulenyl triflate 34
with styrene under the optimal conditions developed for naphthyl triflate 302.
Unfortunately, even at room temperature only decomposition of the triflate was observed.
A series of reactions were conducted in acetonitrile at 65 °C, however, even with an
increase in the number of equivalents of the reagents and catalyst only decomposition of
34 was observed (eq 92).
'"'Ph
cat. Pd(OAc)2
Cy2NMe, Et4 NCI
OTf CH3CN
(92)
Ph
34 304
NOT OBSERVED
Stille Reactions of Azulenyl Triflate 34
In addition to our work on the Suzuki and Heck reactions, we also attempted to
utilize azulenyl triflate 34 in an improved Stille reaction using Fu's catalyst system.43 144
This study was conducted in a similar fashion to that of the Heck investigations described
in the previous section. Naphthyl triflate 302 was used as a test substrate to determine
optimal conditions, which'were then applied to azulenyl triflate 34.
The table below summarizes conditions that were examined for the coupling of
naphthyl triflate 302 and thienylstannane 305 to form the aryl substituted naphthalene
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306. The reaction under Fu's protocol was completely unsuccessful when conducted in
dioxane. We suspected that utilizing a more polar solvent would aid in the cross-
coupling of an aryl triflate. Keeping in mind the sensitivity of azulenyl triflate 34 to
polar aprotic solvents, we chose to test the Stille' coupling in acetonitrile. We were
pleased to see a dramatic change in the efficiency of the reaction with the use of this
solvent.
Table 9. Stille Cross Couplings of Naphthyl Triflate 302 with Thienylstannane 305
OTf
302
Bu3Sn 
1.05 equiv I 
305
cat. Pd
2.2 equiv CsF
65 °C, solvent
306
306
entry Pd cat solvent time result
1 Pd[P(t-Bu) 3] 2 dioxane 48 h no rxn
2 Pd[P(t-Bu)3] 2 CH3CN 48 h 88%
3 Pd2(dba)3/P(Cy)3 dioxane 48 h no rxn
4 Pd2(dba) 3/P(Cy)3 CH3CN 18 h ca. 65%
The outcome of applying this modified Stille reaction to azulenyl triflate 34 was
disappointing. Reaction of the triflate with thienylstannane 305 under the conditions
described in entry 2 resulted only in the decomposition of azulene triflate 34. Conducting
the reaction at room temperature suppressed the degradation of the starting material, but
no evidence of the desired product 307 was detected.
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OTf
Bu3Sn S
1.05 equiv un
305
3 mol% Pd[P(t-Bu) 3]2
2.2 equiv CsF
65 °C or rt, CH3CN
302
(93)
307
NOT OBSERVED
We have seen that transition metal-mediated carbon-carbon bond forming
reactions are valuable tools for further elaborating our ring expansion-annulation
products. Azulenes substituted with halogens on the seven-membered ring efficiently
participate in these palladium-catalyzed reactions. Additionally, azulenyl triflates and
boronates can serve as handles for further substitution of the five-membered ring of
azulene via Suzuki cross-coupling reactions. We were excited to apply this chemistry to
the synthesis of both electronically and biologically interesting azulenes. The final two
chapters in Part I will discuss our endeavors in this area.
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Chapter 5
Synthesis of Bi-, Ter-, and Other Oligoazulene
The design and synthesis of conjugated oligomers and polymers has been of
significant interest due to the optical, electrochemical, and electrical properties of these
compounds and their application in molecular devices based on these properties.'"'
Naturally, azulenes have attracted interest in the area of advanced materials due to their
unusual polarizability and redox capabilities. 'b.12 In particular, a large amount of
attention as been focused on conjugated oligomers based on azulenes and these systems
have recently been reported to have potential use as radical cation stabilizers,35'83 as
charge transfer complexes,184 as liquid crystals,'53 in conjugated polymers,'85 and in
porphyrinoid systems that are useful for molecular recognition studies.'86
Shown below are two examples of highly conjugated systems containing azulenes
that have recently been described. The synthesis, structure, and properties of novel
bisdithiole electron donors containing azulene spacer unit 308 has been reported by
Fujimori and co-workers.'84 These dithiafulvenylazulenes were synthesized from 1,3-
181 (a) Handbook of Conducting Polymers; Skotheim, T. A.; Elsenbaumer, P. L.; Reynolds, J. R. Eds.;
Marcel Decker: New York, 1998. (b) Electronic Materials: The Oligomer Approach; Miillen, K.;
Wegner, G.; Eds.; Wiley-VCH: Weinheim, 1997. (c) Berresheim, A. J.; Miller, M.; Millen, K. Chem.
Rev. 1999, 99, 1747. (d) Martin, R. E.; Diederich, F. Angew. Chem., Int. Ed. Engl. 1999, 38, 1350.
182 See Chapter 1 for a discussion of the properties and applications of azulenes.
183 Ito, S.; Kikuchi, S.; Kobayashi, H.; Morita, N.; Asao, T. J. Org. Chem. 1997, 2423.
184 Ohta, A.; Yamaguchi, K.; Fujisawa, N.; Yamashita, Y.; Fujimori, K. Heterocycles 2001, 54, 377.
185 (a) Wang, F.; Lai, Y-H. Macromolecules 2003, 36, 536. (b) Wang, F.; Lai, Y-H.; Han, M-Y. Org. Lett.
2003, 5, 4791.
186 Graham, S. R.; Colby, D. A.; Lash, T. D. Angew. Chem., Int. Ed. Engl. 2002, 1371 and references
therein.
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diformyl azulene via a Horner-Wadsworth-Emmons reaction. Compound 308 proved to
be a strong electron donor which forms highly-stabilized radical cations and dications.
Another interesting molecule is the azuliporphyrin 309 reported by Lash in 2002.86 This
porphyrin was synthesized from azulene using the "3+1" approach to porphyrinoids
developed in Lash's laboratory.'87 Although this system is cross conjugated, it was still
found to possess a weak diatropic ring current.
R
R
Et Me
308 309
The preparation of 308 and 309 both exploit the relative availability of 1,3-
disubstituted azulenes which can be obtained by electrophilic substitutions on azulene
itself. As discussed earlier, azulenes substituted on the seven-membered ring are difficult
to prepare by comparison. A strength of our ring expansion-annulation strategy is that it
provides access to a wide range of azulenes substituted on both the five- and seven-
membered rings, including molecules bearing halogen and sulfonate substituents that
187 This "3+1" approach involoves the condensation of azulene with two equivalents of an acetoxymethyl
pyrrole to provide an azuliltripyrrane. This three unit compound can then be condensed with dialdehydes
(e.g., a pyrroledialdehyde) to afford the porphyrinoid system. See ref 186.
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could potentially serve as handles for attachment of alkynyl, alkenyl, and aryl groups,
including other azulenes. The goal of the research described in this chapter was to
demonstrate the utility of the coupling chemistry described in the previous chapter in the
preparation of oligoazulenes.
At the onset of our studies, there were scattered examples of the application of
transition metal-catalyzed coupling reactions for the synthesis of highly-conjugated
systems containing azulenes. However, during the course of our research, several reports
of studies in this area have appeared. This chapter begins with a review of the literature
on the synthesis of oligoazulenes via transition metal-mediated carbon-carbon bond
forming reactions and then describes our own efforts in this area.
Background: Synthesis of Bi- and Terazulenes via Transition Metal-Mediated
Reactions
Biaryls are useful compounds with applications in catalysis, and the formation of
liquid crystals and other novel materials. Several groups have suggested that biazulenes,
in particular, could potentially have a very useful role in materials science. Benzenoid
biaryls have been known for decades and studied extensively, however, no biazulene had
been reported until 1968 when Hagen described the photochemical synthesis of the 2,2'-
and 3,3'-biguaiazulenes.'88 In the following decades, several methods for constructing
188 Hagen, R.; Heilbronner, E.; Staub, P. A. Helv. Chim. Acta. 1968, 51, 45.
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dimers of azulene emerged.'8 9 The following table provides an index of known dimeric
and trimeric azulenes classified according to the type of ring connection. To the best of
our knowledge, there are no examples of dimers of azulene in which the connection
between the two azulene units are as shown in entries 3, 7, 11, and 14. There are only
two types of azulenyl dimers that have been reported to date: the 1,1',3', 1 "-terazulene
(entry 16) and the 6,1',3',6"-terazulene system (entry 17). Although there are several
methods for the bi- and triazulenes, most of these methods employ reactions that are low
yielding and produce mixtures of oligoazulenes that are difficult to separate. More recent
methods often use transition metal-mediated reactions of azulenyl halides.
189 For examples of non-transition metal-mediated syntheses of biazulenes, see: (a) McDonald, R. N.;
Richmond, J. M.; Curtis, J. R.; Petty, H. E.; Mobley, R. J. J. Am. Chem. Soc. 1977, 99, 5739. (b) Morita,
T.; Kanzawa, H.; Takase, K. Chem. Lett. 1977, 753. (c) Hanke, M; Jutz, C. Angew Chem. 1979, 91, 227;
Angew Chem.lnt. Ed. Engl. 1979, 18, 214. (d) Hanke, M.; Jutz, C. Synthesis 1980, 31. (e) Gerson, F.;
Lopez, J.; Metzger, A.; Jutz, C. Helv. Chim. Acta. 1980, 63, 2135. (f) Huenig, S.; Ort, B. Liebigs Ann.
1984, 12, 1905. (g) Huenig, S.; Ort, B.; Hanke, M.,'Jutz, C.; Morita, T. Liebigs Ann. Chem. 1984, 12,
1952. (h) Takekuma, S.; Matsubara, Y.; Yamamoto, H.; Nozoe, T. Bull. Chem. Soc. Jpn. 1987, 60, 3721.
(i) Matsubara, Y.; Morita, M.; Takekuma, S.; Nakano, T.; Yamamoto, H.; Nozoe, T. Bull. Chem. Soc. Jpn.
1991, 64,3497. (j)Lin, S-J.; Jiang, S-Y.; Huang, T-C.; Dai, C-S.; Tsai, P-F.; Takeshita, H.; Lin, Y-S.;
Nozoe, T. Bull Chem. Soc. Jpn. 1997, 70, 3071. (k) Ho, T-I.; Ku, C-K.; Liu, R. S. H. Tetrahedron Lett.
2001, 42, 715. (1) Razus, A. C. J. Chem. Soc. Perkin Trans. 1 2000, 981. (m) Razus, A. C.; Nitu, C.;
Carvaci, S.; Birzan, L.; Razus, S. A.; Pop, M.; Tarko, L. J. Chem. Soc. Perkin Trans. 1 2001, 10, 1227. (n)
Kurotobi, K.; Takakura, K.; Murafuji, T.; Sugihara, Y. Synthesis, 2001, 9, 1346.
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Table 10. Dimers and Trimers of Azulene
dimers and trimersa
-
references
29 examples: Hagen, 188 Takase, 147 yoda, 148
Nozoe, 1 89 h Razus 1891,m Ho189 
14 examples: Takase ,1 47 Nozoe, 89hj Takase, 1 89b
Dyker, '5 Sugihara 189n
unknown
1 example: Nozoe 189 i
only as part of trimer (see below)
20 examples: Hagen,' 88 Takase,' 47 Sugihara,'55
Ito,159b Huenigl89f
unknown
2 examples: Nozoe'8 9i
5 examples: McDonald, 189a Takase, 14 7 Ito, 59
Sugihara 55
1 example: Huenig' 89f
unknown
1 example: Huenig' 8 9f
1 example: Jutz89 ce'g
unknown
10 examples: Jutz, 189d Huenig, 189f Dehmlow, 4 9
Ito, 159 Sugihara, 155 Jutzl89c,e
2 examples, Iyoda: 48 Razus' 89 '
1 example: Sugiharal 5 5
a Double bonds omitted for clarity.
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entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
-
COC
-00
In 1982, Morita and Takase recognized that utilization of the copper-mediated
Ulmann reaction, a useful method for synthesizing symmetrical biaryls, could be applied
to the synthesis of symmetrical biazulenes (eq 52).47 Several 1,1'- and 2,2'-biazulenes
were synthesized in modest to good yield using this approach. Unfortunately, as
discussed earlier, harsh reaction conditions limit the scope of this reaction. Additionally,
the synthesis of unsymmetrical biazulenes (e.g., 1,2- and 2,6-biazulene) by this method
was not efficient.
Subsequent studies by Iyoda led to nickel-catalyzed couplings of azulenyl
bromides to form bi-, ter-, quarter-, and polyazulenes.'48 Specifically, treatment of a 4:1
mixture of azulenyl bromide 250 and azulenyl dibromide 251 with the nickel (0) complex
leads to the formation of a mixture of azulenyl dimer 252, trimer 253, and tetramer 254,
albeit in modest yield (eq 94). When the reaction is conducted with dibromide 251 only,
polyazulene is formed in 39% yield. A few years later, Balschukat and Dehmlow also
demonstrated a nickel-catalyzed coupling of an azulenyl bromide in which the desired
symmetrical biazulene was isolated in 38% yield (eq 53b).L49
Rr
Br
4:1
cat. NiBr2 (Ph3 P)2 , Zn
Et4NI, THF, 50 C
2h
+ (94)
n=1 13%
n = 2 7.5%
250 l 251 252 n= 1 253
n=2 254
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wIt would be several years until the next significant advance in the synthesis of
biazulenes via transition metal-mediated reactions was reported.'90 The following
examples were reported either concurrent with or subsequent to our investigations.
In 2002, Sugihara155 and Ito'59 separately reported the application of azulenyl
metal compounds in the preparation of oligoazulenes. Sugihara and co-workers showed
that 2- and 6-substituted borylazulenes 264 and 310 successfully undergo Suzuki
couplings with azulenyl bromides to form unsymmetrical biazulenes (e.g., eq 59).
Additionally, the azulenyl trimer 311 was prepared via the reaction of azulenyl dibromide
251 with azulenylboronate 310 (eq 95). In a similar approach, Ito synthesized 6-6'-
biazulene 313 from azulenylstannane 312 with azulenyl bromide 271 under the Stille
reaction conditions described in eq 96. Azulenylstannane 312 also participates in Stille
reactions with 2-bromoazulene to form 2, 6'-biazulenes.
Br
,
(95)
14 mol% Pd(dppf)C12
2 equiv Ba(OH)2, DME-H20
Br reflux, 24 h
46%
251 311
190 In 2000, Dyker and co-workers utilized a Heck reaction to synthesize 1,2'-biazulene, albeit in low
yields, see ref 151.
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Br
271
10 mol% Pd2(dba) 3
40 mol% Pt-Bu 3
2.2 equv CsF
dioxane, reflux, 2 h
AoM COL
312 313
Background: Synthesis of Azulene-Thiophene Copolymers
The polar nature of azulenes and their derivatives makes these molecules useful
units in conducting polymers. So called "polyazulenes" have been prepared under both
electrochemical and chemical oxidative conditions and show electrical conductivity."'9
However, these materials, which are actually hydropolyazulenes since the azulenyl
structural feature is lost after polymerization, have poor solubility.L92 Copolymerization
can be an effective method for generating a stable and more soluble polymer with
modified electronic properties.'"'
Lai and coworkers have recently reported the synthesis of novel conducting
azulene-thiophene copolymers.'85 These materials combine the higher stability associated
with thiophene-based polymers with the specific electrochemical properties of the
inserted conjugated azulene. The monomer units 315 are synthesized via nickel-
191 (a) Tourillon, G.; Garnier, F. J. Electroanal. Chem. 1982, 135, 173. (b) Bargon, J.; Mohamand, S.;
Walthman, R. J. Mol. Cryst. Liq. Cryst. 1983, 93, 279.
192 For an example of the synthesis of a true polyazulene, see Kihara, N.; Nakayama, H.; Fukutomi, T.
Macromolecules 1997, 30, 6385.
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catalyzed Kumada coupling of a thienyl Grignard reagent generated from thienyl bromide
314 with dibromoazulene 251 (eq 97).
S Mg/Et2 0
Br cat. Ni(dppf)CI2
then Br
R
314 315
251 R = C4H9 54%C7H15 47%
C10 H21 58%
C14H29 42%
The monomer units 315 can then be chemically polymerized to produce the
corresponding azulene-thiophene copolymers 316 (eq 98). These materials were reported
to be highly conductive, thermally stable, and soluble in organic solvents such as
chloroform, THF, dichloromethane, toluene, and xylenes. In addition, the azulene
moieties of copolymer 316 stabilize radical cations and dications and show reproducible
reversible optical and redox properties upon protonation and deprotonation. It is believed
that these materials are good models for advanced applications in molecular sensors,
switches, and related materials. In subsequent studies, Lai and co-workers reported that
treatment of 316 with Ru3(CO) 12 resulted in unique systems in which a multinuclear
transition metal cluster is coordinated to the conjugated polymer.185b The composition of
the ruthenium carbonyl cluster can be varied to tune the electronic, optical, and
morphological properties of the organometallic polymer.
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FeCI3
CHC13
(98)
I
315 316
Background: Synthesis of Other Highly-Conjugated Azulenes via Transition Metal-
Catalyzed Reactions
This section reviews recent work on the synthesis of several other classes of
highly-conjugated azulenes, including specifically, polyazulenylbenzenes and
polyethynylazulene derivatives. Although we have not focused our investigations on the
preparation of these classes of highly-conjugated azulenes, we believe our strategy could
provide a very efficient approach to these systems.
Polyazulenylbenzenes via Stille and Sonogashira Coupling Reactions
Subsequent to his studies on the synthesis of azulenyl dimers (e.g. 313, eq 96), Ito
went on to investigate the preparation of several poly(azulen-6-yl)benzene derivatives
(e.g., 31 8).59b Itoh's approach to these polyazulenylbenzenes involved the Stille reaction
of azulenylstannane 312 with bromo-substituted benzenes (e.g., eq 99). The redox
behavior of the polyazulenylbenzene derivatives were examined and 318 was reported to
to display multielectron redox properties and solutions of this compound gradually
change color from pink to brown during electrochemical reduction.
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Br Br
317
Pd2(dba)3, PtBu3
CsF, dioxane
reflux, 18 h
CO2Et 13%
(99)
312 318
Another interesting route to polyazulenylbenzene and its derivatives was also
reported by Ito.154a Application of the Sonagoshira coupling protocol to a 6-bromoazulene
derivative resulted in the formation of diazulenylacetylene 319 in good overall yield.'93
This compound was then shown to undergo an efficient Diels-Alder reaction with a large
excess of tetraphenylcyclopentadienone 320 at 160 °C to form
diazulenyltetraphenylbenzene 321 (eq 100).194'95 Similar to 318, polyazulenylbenzene
321 displays multielectronic redox properties upon electrochemical reduction, resulting in
the formation of a dianion which is stabilized by the 6-azulenyl substitutents.
193 The Sonogashira coupling methods for azulenyl bromides were previously discussed, see: Chapter 4,
and references therein.
194 This Diels-Alder approach can also be applied to the synthesis of
cyclopentadienylazulenylcylobutadiene cobalt complexes, see ref 154b.
195 This tandem Sonogashira/Diels-Alder approaches has been used by Elwahy to synthesize additional
polyazulenes, see ref 154c .
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Ph Ph
Ph Ph
320
Ph20, 160 "C
1-2 d
90%
Ph
319 321
Polyethynylazulenes via Sonogashira Coupling Reactions
Interest in the synthesis of polyethynylated substituted benzenoids and
heteroaromatic compounds has increased over the last decade due to the importance of
these compounds in the preparation of materials with special properties for molecular
devices.8"' Recently, attention has focused on incorporating azulenes into these types of
polyethynylated systems.
The synthesis of polyethynylated azulenes has primarily been based on the
Sonogashira couplings designed by Hafner and co-workers (vide supra). In 2000, this
group described efficient routes to mono-, di-, and triethynylazulenes.5 2 a Diiodoazulene
322 was prepared from monoethynylated azulene 263 via iodination with NIS. The
synthesis of triethynylated azulene 323- was performed by applying the standard
Sonogashira coupling conditions to diiodoazulene 322 (eq 101).
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(100)
__I_____
t
I
i
i
I
SiMe3
0.04 mol% PdCI2(PPh3 ) 2
0.08 mol% Cul, Et3 N
rt
90-95%
322
Me3 Si
SiMs3
SiM3
SiMe3
323
Elway and Hafner went on to use this Sonogashira coupling method in the
synthesis of a benzene-bridged polyalkynylazulene 324.52b Compound 324 is a black
solid that was shown to be remarkably stable in solution or in the crystalline state. Ito
and co-workers have also synthesized an azulenylethynylbenzene (325)153 by employing
the Sonogashira coupling method that Hafner had described. This molecule is built from
hexaiodobenzene and a 6-iodoazulene via a series of Sonogashira couplings with
trimethylsilylacetylene (with the appropriate deprotection steps). Compound 325
displays unusual redox properties and exhibits liquid crystal behavior.
R = C0 2C 6H1 3
325324
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Synthesis of Bi-, Ter-, and Other Oligoazulenes
Dimers and Trimers of Azulene
Biazulenes were chosen as the first objective to demonstrate the utility of our ring
expansion-annulation products in the synthesis of oligoazulenes. Our specific goal was
to create a variety of biazulenes with different electronic properties by varying the
position of the connection between the two azulenyl units.
We immediately recognized that azulenyl boronate 270 would serve as an
excellent intermediate for the preparation of biazulenes. As boronate 270 had efficiently
coupled with iodoacetophenone to form 1-aryl substituted azulenes (vide supra), a similar
result was expected for its coupling with azulenyl iodides to form 1-azulenyl-substituted
biazulenes. We also anticipated that iodoazulenyl acetate 98 would readily participate in
Suzuki reactions as it had proven to react smoothly in both the palladium-catalyzed Heck
and Negishi reactions (vide supra). We thus began our investigations by attempting the
Suzuki cross coupling of azulenylboronate 270 with iodoazulenyl acetate 98 to produce a
1,4'-biazulene. Unfortunately, reaction of iodoazulenyl acetate 98 with excess boronate
270 under the standard Suzuki coupling conditions previously described resulted in
decomposition of both starting materials in less than 15 minutes (eq 102).
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1 5 euiv / \
270
5% Pd(OAc)2, 20% 218
3.0 equiv Ba(OH)2
OAc dioxane-H20
(102)
98 326A
NOT OBSERVED
Since we were aware that azulenylboronate 270 was susceptible to decomposition
under these reaction conditions, the reaction was performed using an excess of this
reagent. However, another concern was the possibility that the acetate group in coupling
partner 98 might not survive in the presence of barium hydroxide at elevated
temperatures. In fact, stability studies revealed that acetate 98 rapidly decomposes in the
presence of barium hydroxide in aqueous dioxane after five minutes at 65 °C. Lowering
the temperature to 45-50 C had no effect on the compound's instability. It became
evident that a more robust ester derivative would be necessary to achieve the desired
transformation. We therefore turned our attention to the preparation of the corresponding
pivalate ester.
Synthesis of iodoazulenyl pivalate 107 was achieved by employing pivaloyl
chloride in place of acetic anhydride in our standard ring expansion-annulation protocol
(eq 19). The stability of this ester was examined by first subjecting it to the action of
barium hydroxide in a mixture of dioxane and water. After 20 minutes at 65 °C, total
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decomposition of the compound was seen. Fortunately, however, the pivalate proved to
be stable to Ba(OH) 2 at 45-50 C for up to 40 minutes.
The Suzuki coupling reaction of iodoazulenyl pivalate 107 with 1 equivalent of
azulenylboronate 270 in the presence of palladium acetate, Buchwald ligand 218, and
barium hydroxide was therefore carried out at 45-50 C. This reaction produced the first
1,4'-biazulene, albeit in low yield (eq 103). The disappointing yield reflects difficulties
encountered during the purification of biazulene 326. The desired biazulene was found to
be contaminated with an unidentified aromatic compound which cannot be separated
using flash chromatography. Additionally, the crude reaction mixture is particularly
unstable, even after filtration through silica gel. Fortunately, separation of the desired
compound from other contaminants was achieved using preparative HPLC on a Waters
Prep Nova Pak HR column (6 1t silica, 19 mm x 30 cm) with a gradient elution of 5-10%
EtOAc-hexane. Once completely pure, biazulene 326 was found to be stable for
prolonged periods of time. To our knowledge, this is the first biazulene to be prepared
with a C-1 to C-4 linkage.
B-O
270
5% Pd(OAc)2, 20% 218
3.0 equiv Ba(OH)2OPiv dioxane-H20
Ac-n On Ifn min
(103)
_v--v , I. .....
27-35%
107 326
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After succeeding with the synthesis of a biazulene connected at the five- and
seven-membered rings, our next goal was to generate an oligoazulene with a connection
between the two five-membered rings. This could be achieved by once again employing
azulenylboronate 270, in this case with an azulene disubstituted with iodide on the five-
membered ring. 1,3-Diiodoazulene (327) can easily be prepared by iodinating azulene
with NIS and was regarded as an excellent coupling partner for azulenylboronate 270 for
the synthesis of an azulenyl trimer (253).148 We prepared diiodoazulene 327 according to
the procedure of Hafnerl52a and were pleased to see that it participated smoothly in the
Suzuki reaction with two equivalents of azulenylboronate 270 under our standard Suzuki
conditions to produce terazulene 253 as a metallic green solid in very good yield (eq
104). Our route to this terazulene is notably superior to the previous synthesis of this
compound by Iyoda in which the molecule is produced in 13% yield as one component in
a mixture of oligoazulenes (eq 94).
270
5% Pd(OAc)2, 20% 218
3.0 equiv Ba(OH)2
rlinv>nH.I^-n
(104)
65 °C, 30 min
69%
327 253
The numbering system for this azulenyl trimer 253 is shown below along with its
proton NMR spectrum. As is generally observed for azulenes, the resonances that appear
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from downfield to upfield in the spectrum correspond to protons at the 4- and 8-, 2-, 6-,
1- and 3-, and finally 5- and 7- position. The J values for the coupling constants of
protons substituted on the five-membered ring are much smaller than those of protons on
the seven-membered ring (e.g. H-2 vs. H4). 96
4
6'
6
6"
_-,1
3" 4"
H4, H8
H4", H8"
H4', H8'
J 
H2'
MI
L
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm
196 This spectral assignment of azulenyl trimer 253 is consistent with that reported by Iyoda, see ref 148.
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wThe ring expansion-annulation strategy developed in our laboratory is well suited
to provide access to azulenes substituted with halogen atoms on the seven-membered
ring, especially at the C-4, C-5, and C-6 positions. We next turned our attention to
investigating the utility of such compounds as intermediates for the construction of
oligoazulenes with connections to the seven-membered ring.
Our first goal was the synthesis of a 4,4'-biazulene from iodoazulenyl pivalate
107 via a Stille-type biaryl coupling reaction in which an arylstannane is an
intermediate.'97 This type of process is typically employed in intramolecular reactions
and is performed by reacting aryl halides and triflates with hexamethylditin in the
presence of 5-20 mol% of Pd(PPh3 )4 at elevated temperatures for prolonged periods of
time.'98 It was hoped that we could apply the intermolecular version of this reaction to
the synthesis of a 4,4'-biazulene from iodoazulene 107. However, reaction of 2
equivalents of iodoazulene 107 with hexamethylditin in the presence of Pd(PPh3 )4 led
only to the formation of azulenylstannane 328 in approximately 60% yield (eq 105).
SnMe 3
1 equiv (Me3Sn)2
10 mol% Pd(PPh3) 4
toluene, 120 °C, 4 d
OPiv
2 equiv ca. 60% OP
107 328
197 Concurrent with our biazulene studies, we investigated the synthesis of thienylazulenes via Stille cross
coupling reaction. The successful Stille reactions of iodoazulenyl iodide 107 prompted the synthesis of a
1,4'-biazulene from iodoazulenyl iodide 107 via Stille-type reaction (vide infra).
198 (a) Olivera, R.; Pascual, S.; Herrero, M.; SanMartin, R.; Dominguez, E. Tetrahedron Lett. 1998, 39,
7155. (b) Kelly, T. R.; Xu, W.; Ma, Z.; Li, Q.; Bhushan, V. J. Am. Chem. Soc. 1993, 115, 5843. (c) Kelly,
T. R.; Li, Q.; Bhushan, V. Tetrahedron Lett. 1990, 31, 161.
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IAlthough disappointed that the one-pot procedure did not afford the desired 4,4'-
biazulene, we were excited by the prospects offered by azulenylstannane 328. It was
decided to optimize the synthesis of this compound, and this was achieved by using a
modified procedure based on the results discussed above (eq 106).99 Optimal results
were achieved using 1.6 equivalents of hexamethylditin and 10% Pd(PPh3)4 in toluene.
The reaction is performed in a sealed tube at 120 °C for 24 h.
SnMe3
1.6 equiv (Me3Sn)2 1
10 mol% Pd(PPh3) 4
toluene, 120 °C, 24 h
OPiv OPiv
88%
107 328
With an efficient method for generating azulenylstannane 328, we turned our
attention to investigating its reaction with iodoazulene 107. Not surprisingly, the use of
the Pd(PPh3) 4 catalyst system led to disappointing results: only starting materials were
recovered along with trace amounts of aromatic compounds. In the hope that an
alternative catalyst system would improve the outcome of this Stille reaction, we studied
the reaction using a ligandless system of Pd2(dba)3 and LiCl in NMP.200 In addition, we
also explored the use of Fu's more reactive catalyst system, Pd(Pt-Bu3) 2 and CsF in
dioxane.43 "'44 Unfortunately, none of these conditions led to the formation of the desired
199 For other examples of the synthesis or aryl stannanes from aryl halides and hexamethylditin, see: (a)
Albrecht, B. K.; Williams, R. M. Tetrahedron Lett. 2001, 42, 2755. (b) Kamenecka, T. M.; Danishefsky,
S. J. Chem. Eur. J. 2001, 7, 41. (c) Bumagin, N. A.; Nikitina, A. F.; Beletskaya, I. P. Russ. J. Org. Chem.
1996, 32, 1803.
200 Coupling conditions under "ligandless" conditions were pioneered by Beletskaya, see Beletskaya, I. P.
J. Organomet. 1983, 250, 551.
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4,4'-biazulene. Interestingly, 4-methylazulene 329 was obtained as a significant
byproduct in this reaction (eq 107).
I SnMe3 5 mol% Pd(Pt-Bu3)2 Me
2.2 equiv CsF
dioxane Recovered
+ 7or Starting Material 107
5 mol% Pd2(dba)3
OPiv OPiv 2.0 equiv LCI OPiv
NMP
107 328 329
The formation of methylazulene 329 can be explained by preferential transfer of a
methyl over an azulenyl group from azulenylstannane 328 to the palladium in the
transmetallation step of the Stille catalytic cycle. It is not unusual for methyl groups to
transfer preferentially over bulky aryl groups in this step. In particular, it has been noted
that in cases with ortho-substituted arylstannanes, alkyl transfer can compete with the
desired aryl transfer, or even completely override it.20'
To probe the reactivity of the azulenylstannane 328 further, we attempted to
couple this compound with an activated aryl iodide, iodoacetophenone 297 using both the
Fu and ligandless conditions (eq 108). In addition, we tried the reaction in the presence
of CuBr, as additive which is known to aid in the suppression of alkyl over aryl transfer
in the transmetallation step.202 Suprisingly, no evidence of 6-arylazulene was observed.
Even more shocking was the formation of 4-methylazulene 329. This was the first
201 (a) Tomayo, N.; Echavarren, A. M.; Paredes, M. C.; Rarina, F.; Noheda, P. Tetrahedron Lett. 1990, 31,
5189. (b) Gomez-Bengoa, E.; Echavarren, A. M. J. Org. Chem. 1991, 56, 3497. (c) Tamayo, N.;
Echavarren, A. M.; Paredes, M. C. J. Org. Chem. 1991, 56, 6488. (d) Farina, V.; Krishan, B.; Marshall, D.
R.; Roth, G. P. J. Org. Chem. 1993, 58, 5434.
202 (a) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L. S. J Org. Chem. 1994, 59, 5905.
(b) Casado, A. L.; Espinet, P. Organometallics 2003, 22, 1305. (c) Saa, J. M.; Martorell, G. J. Org.
Chem. 1993, 58, 1963.
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Tindication that the methylated compound could be formed even in the absence of
iodoazulene 107, and indicated that perhaps it was forming directly from
azulenylstannane 328. Indeed, when azulenylstannane 328 is treated with Pd2 (dba) 3 and
LiCl in the absence of a coupling partner, 4-methylazulene 329 was produced in
approximately 67% yield as determined by 1H NMR (eq 109). Interestingly, no reaction
occurred in the absence of Pd2(dba)3.
I
COMe
297
SnMe3 5 mol% Pd(Pt-Bu3)2 or Pd2(dba)3/PCy3 Me
2.2 equiv CsF
dioxane Recovered /
+i \ , mo/oA 2(or Starting Material + (108)
5 mol% Pd2(dba)3
OPlv 2.0 equiv UCI OPivNMP
328
SnMe3
OPiv
329
5 mol% Pd2(dba)3
2.0 equiv UCI
NMP, rt, 2 d
ca. 67%
328
Me
OPiv
(109)
329
A proposed mechanism for this unusual methyl migration is shown in Scheme 23.
Substitution of azulene with a palladium (II) species at the four position could result in
intermediate 330. P-Elimination of this intermediate would lead to azulenyl palladium
species 331, which could transmetallate with the trimethyltin halide to form 4-
methylazulene 329. Evidence for the proposed transmetallation step is seen in examples
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of Stille cross couplings with triorganotin halides and tetramethyl stannanes where
multiple methyl groups have been demonstrated to transfer in the transmetallation step.203
Scheme 23
Xe
SnMe3 Me3Sn PdXL,, 2\ PdXL, Me2Sn--Me
transmetallation
then reductive
elimination
OPiv OPiv OPiv OPiv
328 330 331 329
Fortunately, azulenylstannane 328 still proved to be a useful intermediate for the
synthesis of 4,4'-biazulene 332. Piers has reported the copper-mediated oxidative
coupling of alkenyl and aryltrimethylstannanes using excess CuC1 at room temperature.20 4
Application of this protocol to our azulenylstannane 328 smoothly produced biazulene
332 in high yield (eq 110). In addition, with 4 equivalents of CuCl, the reaction is
completed within one hour and the yield is nearly quantitative. It should be noted that the
only previous synthesis of a 4,4'-biazulene was demonstrated by Huenig in which a
mixture of 4,4'-biazulene and 4,6'-biazulene was produced in 14% yield.'89 f
203 Stille has demonstrated this in palladium-catalyzed Stille reactions of acyl chlorides, see Milstein, D.;
Stille, J. K. J. Org. Chem. 1979. 44, 1613.
204 (a) Piers, E.; McEachern, E. J.; Romero, M. A. Tetrahedron Lett. 1996, 37, 1173. (b) Piers, E.;
McEachern, E. J.; Romero, M. A.; Gladstone, P. L. Can. J. Chem. 1997, 75, 694. (c) Piers, E.; Gladstone,
P. L.; Yee, J. G. K.; McEachern, E. J. Tetrahedron 1998, 54, 10609. (d) Piers, E.; Yee, J. G. K.;
Gladstone, P. L. Org. Lett. 2000, 2, 481.
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)
2.5 equiv CuCI
DMF, rt, 3 h
86%
PivO
OPiv
332
As discussed previously, symmetrical biazulenes can be synthesized via copper-
mediated dimerizations of azulenyl halides. To test whether it was possible to access
4,4'-biazulene 332 directly from iodoazulene 107, we attempted to dimerize iodoazulene
107 using a mild Ullman coupling procedure that employs copper thienylcarboxylate as
recently reported by Liebeskind.20 5 Not surprisingly, no reaction took place at room
temperature over five days (eq 111). In addition, heating the reaction mixture to reflux
did not lead to any of the desired dimer.
2.5 equiv CuTC
NMP
rt, 5 d; reflux, 2 d
(111)
OPiv
i07
OPiv
332
NOT OBSERVED
205 (a) Allred, G. D.; Liebeskind, L. S. J. Am. Chem. Soc. 1996, 118, 2748. (b) Zhang, S.; Zhang, D.;
Liebeskind, L. S. J. Org. Chem. 1997, 62, 2312.
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SnMe 3
OPiv
328
(110)
Thiophene-Bridged Oligoazulenes
As described earlier, significant interest in the synthesis of conducting polymers
containing azulenes has emerged recently. Our next goal was to demonstrate the
application of our strategy for the synthesis of azulenylthiophenes with potential utility in
the construction of electroactive materials.
Initially, we began by investigating the Suzuki reaction of iodoazulene 107 with
commercially available bisboronic acid 333. We examined this reaction under
Buchwald's conditions for the coupling of arylboronic acids with aryl halides (vide
supra) as well as under the more traditional Suzuki conditions reported specifically for
the coupling of bisboronic acid 333 with an aryl bromide.20 6 Unfortunately, in both cases
no reaction between substrates 333 and 107 occurred; in fact, in the case of the reaction
utilizing conditions reported for boronic acid 333, significant decomposition of this
reagent was observed (eq 112).
2.0 equiv
OPiv(HO)2B S 107
B(OH) 2 -------------------------------
cat. Pd(OAc)2, 218
KF, THF, rt
or
cat. Pd(PPh3) 4
Na2CO 3, H2 0-THF
65-70 °C
(112)
333 334
NOT OBSERVED
206 Har, R. R.; Hauze, D. B.; Petrovskaia, O.; Joullie, M. M.; Jaouhari, R.; McComisky, P. Teterahedron
Lett. 1994, 35, 7719.
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In attempts to circumvent the difficulties encountered with acid 333, we
synthesized the known bispinacolatoboronic ester 335 from pinacol and diboronic acid
333 according to the procedure of Chaumeil.207 Reaction of bisboronic ester 335 with
iodoazulene 107 under our standard azulenylboronate Suzuki coupling conditions
resulted only in the decomposition of bisboronic ester 335 (eq 113).
'I
2.0 equiv \"
0 OPiv
X 1~~~~~ I ~107
O~B>S ° X 5 mol% Pd(OAc)2, 20 mol% 218
1 / > \ 3.0 equiv Ba(OH)2
dioxane-H20
45°C, 16h
(113)
335 334
NOT OBSERVED
We were perplexed by this result, as there are several examples of Suzuki
coupling reactions of 2-borylthiophenes in the literature. However, after consulting with
J. D. Tovar in the Swager laboratory, we learned that he had encountered similar
difficulties using 2-borylthiophenes. In fact, Tovar had discovered that coupling at the 2-
position of thiophene occurs much more efficiently with 2-stannylthiophenes, while 3-
borylthiophenes are superior to the corresponding tin reagents for coupling at the three-
position.20 8 We obtained an ample amount of bisthienylstannane 336 from the Swager
207 Chaumeil, H.; Le Drian, C.; Defoin, A. Synthesis 2002, 757.
208 Tovar, J. D. Synthesis and Utility of Electronically Diverse Polycyclic Aromatics. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, June 2002; pp 87-88.
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group20 9 to conduct Stille studies with iodoazulene 107, and we were pleased to see that
stannane 336 couples smoothly with iodopivalate 107 under several conditions, including
those employing Pd(Pt-Bu3)2, PdCl2(PPh3)2, and Pd(PPh3)4. Optimal results for this
reaction were achieved using 10% Pd(PPh3)4 in refluxing toluene for 2 days (eq 114).
This thiophene-linked oligoazulene is a dark-green solid (mp 218-219 °C) and is soluble
in many organic solvents including methylene chloride, chloroform, benzene, and
toluene.
2.0 equiv
OPiv
107
10 mol% Pd(PPh3) 4
toluene, 110 °C, 24 h
(114)
73%
UrIV
336 337
At this point we were pleased with the collection of oligoazulenes synthesized
from our ring expansion-annulation products via transition metal-mediated reactions. We
had demonstrated the successful synthesis of dimers and trimers of azulenes with
connections between the five- and seven-, five- and five-, and seven- and seven-
membered rings utilizing Suzuki, Stille, and copper-mediated reactions. Additionally, we
had produced an azulenylthiophene oligomer via a Stille cross-coupling. The only goal
remaining for us to achieve was the synthesis of biologically interesting azulenes,
specifically azulenylamino acids. Our studies in this area will be described in Chapter 6.
209 I am graciously indebted to Phoebe Kwan for providing us with an ample amount of bisthienylstannane
336 to conduct these Stille coupling studies.
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Chapter 6
Synthesis of Azulenylamino Acid Derivatives
Fluorescent probes have become important tools for obtaining information from
biological systems.210 Specifically, fluorochromes have been used to visualize nucleic
acid hybridization,210 c.2l to study DNA-protein interactions and quantify protein
molecules,1 and for drug developement.21 3'21 4 The fluorescent probes commonly consist
of polyconjugated or polyaromatic organic molecules, which are connected to proteins or
other ligands in order to be incorporated into biological systems.
The majority of fluorochromic sensors fluoresce in the visible light range (400-
650 nm). However, spectrofluorimetry in the near infrared region (600-1000 nm) has
become increasingly important for several reasons: (1) few natural compounds present in
biological systems can undergo electronic transitions in this energy range, decreasing the
level of background interference, (2) decomposition of the material is less likely to occur
using longer excitation wavelengths, (3) it allows for simultaneous sensing, and (4)
imaging molecular interactions in vivo is possible given the ability of NIR wavelengths to
210 (a) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer: New York, 1999. (b)
Sun, C.; Yang, J.; Li, L.; Wu, X.; Liu, Y.; Liu, S. J. Chromatogr. B 2004, 803, 173. (c) Mitchell, P. Nat.
Biotechnol. 2000, 19, 1013.
211 Sokol, D. L.; Zhang, X.; Lu, P. Gewitz, A. M. Natl. Acad. Sci. USA 1998, 95, 11538.
212 Li, J.; Fang, X.; Schuster, S.; Tan, W. Angew. Chem. Int. Ed. 2000, 39, 1049.
213 Harris, J. L.; Alper, P. B.; Li. J.; Rechsteiner, M.; Backes B. J. Chem. Biol. 2001, 8, 1131.
214 (a) Pham, W.; Weissleder, R.; Tung, C-H. Angew. Chem., Int. Ed. 2002, 41, 3659. (b) Pham, W.;
Weissleder, R.; Tung, C-H. Angew. Chem. 2002, 114, 3811. (c) Pham, W.; Weissleder, R.; Tung, C-H.
Tetrahedron Lett. 2003, 44, 3975.
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penetrate skin and tissue.210b Near infrared fluorescent probes include cyanine, squaraine,
thiazine, and oxazine dyes, and recently azulenes have become of particular interest in
this area due to their unique ultraviolet and fluorescence spectral properties."' Azulenes
generally absorb between 500 to 600 nm in the NIR and their absorbance can be fine-
tuned by changing substituents on the azulene rings. The incorporation of azulenes into
proteins and peptides could potentially lead to novel fluorescent probes and perhaps
biologically active molecules.
As mentioned earlier, our ring expansion-annulation strategy is highly effective
for synthesizing a wide range of azulenes substituted on both the five- and seven-
membered rings, including sulfonate and halo-substituted azulene derivatives. We have
shown that transition metal-catalyzed reactions are useful for further elaborating these
azulenyl sulfonates and halides to alkyl, vinyl, and aryl-substituted azulenes. In addition,
the utility of the coupling chemistry has been demonstrated in the preparation of egualen
sodium and oligoazulenes. We decided to further demonstrate the utility of transition
metal-catalyzed reactions of our ring expansion-annulation products by applying these
reactions to the preparation of azulenylamino acids. To date, only a few examples of
azulenylamino acids have been reported. The following section will briefly review the
synthesis of these molecules.
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Background: Azulenylamino Acid. Derivatives
Three examples of azulene analogs of phenylalanine have been reported. The
syntheses of these compounds have relied on alkylations of glycine derivatives with 1-
azulenylmethyl electrophilic reagents. These reagents are obtained by exploiting
azulene's exceptional reactivity toward electrophilic substitution at the C-1 and C-3
positions. The first example of this type of azulenylamino acid synthesis was reported in
1964 by Anderson and Rhodes.21 5 Aminomethylated azulene can be prepared from
azulene, CH2(NMe)2, and paraformaldehyde in the presence of acetic acid. Subequent
treatment with methyl iodide forms the ammonium salt 338.216 Alkylation of the sodium
salt of ethyl acetamidocyano acetate (339) with 338 followed by hydrolysis results in
azulenylamino acid derivative 340 in modest yield (eq 115).
oNa C02Et
Na ... .....
NC NHAC Lv2n
339
DMF , NHAc (115)
then
KOH, EtOH
63%
338 340
215 Anderson, A. G., Jr.; Gale, D. J.; McDonald, R. N.; Anderson, R. G.; Rhodes, R.C. J. Org. Chem. 1964,
29, 1373. See also: Anderson, A. G., Jr.; Rhodes, R. C. Org. Prep. Proced. Int. 1969, 1,249.
216 Anderson, A. G., Jr.; Anderson, R. G.; Fujita, T. S. J. Org. Chem. 1962, 27, 4535.
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Several years later, Klemm and coworkers reported the synthesis of a related 1-
azulenylamino acid using a similar strategy.21 Treatment of
dimethylaminomethylazulene 341 with diethyl nitromalonate 342 in DMSO, followed by
hydrolysis, resulted in azulene 343 in good'overall yield (eq 116). However, reduction of
the nitro group, saponification of the ester, and conversion to the salt furnished 344 in
poor overall yield (eq 117).
CO2 Et
O2 N L'CO 2Et
342
DMSO
79%
then
NaOEt, EtOH
96%
CO2Et
NO23
343
CO2 Et
NO2
I 
343
1. Sn, HCI, EtOH
47%
2. NaOH, H20
3. HCI
21%
CO2H
H3 E
344
The first efficient preparation of an enantiopure P-azulenylalanine derivative was
reported in 2000 by Loidl and coworkers.2 18 Their synthesis prodaces P-(l-azulenyl)-L-
2 17 Klemm, L. H.; Hudson, B. S.; Lu, J. Org. Prep. Proced. Int. 1989, 21, 633.
218 Loidl, G.; Musiol, H-J.; Budisa, N.; Huber, R.; Poirot, S.; Fourmy, D.; Moroder, L. J. Peptide Sci. 2000,
6, 139.
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341
(116)
(117)
alanine (349) in six steps from azulene. As with the previous two syntheses, this
procedure is based on a similar alkylation of a glycine derivative with
dimethylaminomethylazulene 338 (Scheme 24). The enantiopure azulenylamino acid
(349) is obtained via enantioselective deacetylation of 340 with acylase I from
Aspergillus melleus in 40% yield. In addition, the Fmoc-protected azulenylamino acid
349 was successfully incorporated into a peptidic chain on solid support. This azulene
moiety was found to mimic the tryptophan side chain to some extent and the azulenyl
peptide may have use as a fluorescent probe for proteins.1
Scheme 24
1) (Me)2 NVN(Me) 2
345
CH20
AcOH, CH2CI 2
94%
2) Mel, EtOH
96%
O PRP- Mu
338
EtO2C NHAc
CO2 Et
346
NaOEt, EtOH
91%
EtO2 C NHAc
C2Et
,-
347
IKOH
EtOH
76%I
CO02 H
NHAc
I 
HCI
THF
82%
340
HO2 C NHAc
CO2 H
348
219 Recently, this azulenylamino acid along with a nitroxyl radical species has been incorporated into an
oligopeptide to study the excited state quenching of the chromophore by the radical, see Sartori, E.;
Toffoletti, A.; Corvaja, C.; Moroder, L.; Formaggio, F.; Toniolo, C. Chem. Phys. Lett. 2004, 385, 362.
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9
CO02H
NH2
349
acylase I
from
Aspergillus
melleus
40%
The above syntheses are limited in that they only provide access to 1-
azulenylalanine derivatives. This limitation results from the dependence of these
syntheses on 1-azulenylmethyl electophilic reagents (e.g., 338), which are synthesized via
electrophilic aromatic substitution of azulene. We believed that our ring expansion-'
annulation strategy could provide a more efficient method of generating azulenyl amino
acid derivatives.
There are two basic alternative strategies for synthesizing analogs of
phenylalanine with novel aromatic groups from aryl halides and sulfonates.2 20 As shown
in Scheme 25, aryl glycine derivatives can be accessed via Heck reactions of
dehydroamino acids (i.e., 350) with aryl halides and sulfonates (pathway a). This route
requires an additional hydrogenation step with a chiral catalyst to produce the desired
enantiopure arylamino acid derivative. A more attractive method for synthesizing
phenylalanine analogs involves the Negishi coupling of aryl halides and sulfonates with
organozinc reagents derived from alanine derivatives (e.g., 353, Met = Zn) (pathway b).
This reaction utilizes enantiopure organozinc reagents and the desired arylamino acid
derivative is synthesized directly via the Negishi reaction. The following sections will
briefly review syntheses of aryl analogs of phenylalanine via the tandem
Heck/enantioselective hydrogenation strategy (pathway a) and the Negishi reaction
(pathway b). In addition, our attempts to employ these strategies to access azulenylamino
acid derivatives from our ring expansion annulation products will be described.
220 For example methods of generating non-phenyl alanine derivative that will not be discussed in the
section, see: (a) Reddy, K. L.; Sharpless, K. B. J. Am. Chem. Soc. 1998, 120, 1207. (b) Sowinski, J. A.;
Toogood, P. L. J. Org. Chem. 1996, 61, 7671. (c) Doi, H.; Sakai, T.; Iguchi, M.; Yamada, K-I.; Tomioka,
K. J. Am. Chem. Soc. 2003, 125, 2886.
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Scheme 25
Background: Synthesis of Dehydroarylamino Acid Derivatives via the Heck
Reaction
Several reactions have been described for the synthesis of dehydroamino acid
derivatives.221 In particular, Heck reactions of aryl halides and triflates with
amidoacrylate derivatives are extremely efficient for producing these unsaturated alanine
derivatives and have been thoroughly investigated.22 2 23 Frejd and coworkers have
reported numerous examples of Heck reactions forming dehydroamino acids and
221 Methods for producing dehydroamino acids include: (a) elimination reactions of P-hydroxyamino acid
derivatives, Photaki, J. J. Am. Chem. 1963, 85, 1123. (b) The Erlenmyer-Prochl synthesis via azlactones,
Carter, H. E. Org. React. 1946, 3, 198. (c) N-Chlorination followed by dehydrochlorination, Schmidt, U.;
Poisel, H. Chem. Ber. 1975, 108, 2547. (d) Addition of carboxamides to c-oxoacids, Greenstein, J. P.;
Winitz, M.; in: Chemistry of the Amino Acids, Vol. 2, Wiley & Sons: New York, 1961, p 843. (e)
Condensations of aldehydes with phosphoglycine esters, Schmidt, U.; Lieberknecht, A.; Wild, J. Synthesis
1984, 53.
222 (a) Carlstr/m, A-S.; Frejd, T. Synthesis 1989, 414. (b) Carlstr6m, A-S.; Frejd, T. J Org. Chem. 1991,
56, 1289. (c) Carlstrdm, A-S.; Frejd, T. J. Chem. Soc., Chem. Commun. 1991, 1216. (d) Carlstr6m, A-S.;
Frejd, T. Acta. Chemica Scandinavica 1992, 46, 163. (e) Ritz6n, A.; Basu, B.; Chattopadhyay, S. K.;
Dossa, 1F.; Frejd, T. Tetrahedron Asymmetry 1998, 9, 503. (f) Ritz6n, A.; Frejd, T. J. Chemn. Soc. Perkin
Trans. 1 1998, 3419. (g) Ritzen, A.; Frejd, T. Chem. Commun. 1999, 207. (h) Ritz6n, A.; Frejd, T. Eur. J
Org. Chem. 2000, 3771.
223 For other examples of Heck reactions to form dehydroamino acids, see: (a) Cutolo, M.; Fiandanese, V.;
Naso, F.; Sciacovelli, O. Tetrahedron Lett. 1983, 24, 4603. (b) Yokoyama, Y.; Takahashi, M.; Takashima,
M.; Kohno, Y.; Kobayashi, H.; Kataoka, K.; Shidori, K.; Murakami, Y. Chem. Pharm. Bull. Jpn. 1994, 42,
832. (c) Burk, M. J.; Allen, J. G.; Kiesman, W. F.; Stoffan, K. M. Tetrahedron Lett. 1997, 38, 1309. (d)
J0rgensen, K. Gautun, O. R. Tetrahedron 1999, 55, 10527.
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NH a NH2 b NH
+ Ar-X < ' ' Ar-X +
| COOH Ar | COOH Met COOH
350 351 352 351 353
subsequent hydrogenations of these products leading to various amino acid derivatives.
These researchers have demonstrated that aryl halides and triflates participate in
palladium-catalyzed Heck reactions with various amidoacrylates under Jeffery phase
transfer conditions to form dehydroamino acid derivatives in modest to good yields (e.g.,
eq 118).224 Palladium acetate was found to be the best source of palladium and Bu4NCl
was shown to be superior to other phase transfer reagents including Bu4NBr, Bu4SO4,
and Bu4NF in this reaction. In addition, NaHCO3 was a more useful base than Et3N and
K2CO3, and DMF was the solvent of choice. It was necessary to conduct the reaction at
elevated temperatures as the reaction does not proceed at room temperature. Formation
of the Z stereoisomer is almost exclusively observed, the only exception being a reaction
of thienyl iodide 357 and amidoacrylate 355 to produce mixture of Z and E isomer in a
3:1 ratio (eq 119).
MeO 2 C NHAc
I 2.5 equiv MeO2C NHAc
355
cat. Pd(OAc) 2 , NaHCO3
n-Bu 4 NCI, DMF
85 C, 17-40 h
354 73% 356
224 The conditions reported by Frejd and coworkers are essentially those described by Cacchi et al. for
couplings of methoxyacrylates with with aryl iodides, see: Cacchi, S.; Ciattini, P. G.; Morera, E.; Ortar, G.
Tetrahedron Lett. 1987, 28, 3039.
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MeO2C NHAc
Me s 2.5 equiv MeO2C NHAc AcHN CO2Me
cat. Pd(OAc)2, NaHCO3 e +
n-Bu4NCI, DMF
85 °C, 17-40 h
3:1
357 36% 358 359
Although not specifically used for the synthesis of dehydroamino acids, the Heck
reactions that have been reported by Buchwald and Fu (see Chapter 4) were used to
synthesize sterically encumbered trisubstituted olefins from aryl halides and methacrylate
derivatives using Cy2NMe as base. Specifically, both 1,1- and 1,2-disubstituted alkenes
reacted with aryl halides resulting in -aryl methacrylate derivatives (eq 37 and 38).
Synthesis of Azulenylamino Acid Derivatives from Azulenyl Iodide 107
As discussed in Chapter 2, halobenzenes are good substrates in our ring
expansion-annulation strategy, allowing for the preparation of a variety of azulenes
bearing one or more halogen substituents on the seven-membered ring. We decided to
investigate the use of such compounds as intermediates in the construction of
azulenylamino acids using the Heck reaction/hydrogenation strategy.
We have shown that iodoazulenyl acetate 98 is an excellent substrate for Heck
reactions with methylacryilate (see Chapter 4). We decided to employ the similar, but
more robust iodoazulenyl pivalate 107 in Heck reactions with amidoacrylate derivatives,
specifically 355, to produce dehydroazulenylamino acids. Methylacetamido acrylate 355
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was prepared from acetamide and methyl pyruvate according to the procedure of
Yokoyama.22 5 With this compound in hand, we conducted two reactions on small scale
using both the Buchwald and Frejd conditions.226 The results from the small scale run
using Buchwald's conditions were considerably better than those obtained with Frejd's
protocol. Upon scaling up the reaction, we found that azulenyl idode 107 reacts smoothly
with amidoacrylate 355 in the presence of catalytic palladium acetate,
dicyclohexylmethylamine, and tetraethylammonium chloride to produce a
didehydroazulenylalanine deriviative. Although the reaction proceeded in good yield, a
5:1 mixture of the (Z) (360) and (E) (361) isomers was produced (eq 120).
MNO12Cy HAC CO 2Me NHAc
IHN O2CAc
355
+ (120)
3 mol% Pd(OAc)2, 1.5 equiv Cy2 NMe
1.0 equiv Et4 NCI, DMA, 65 °C, 48 h
71% OPiv OPiv
1.1 equiv
5:1
107 360 361
It has been reported that the vinyl proton signal of the (E)-isomer of
dehydroarylamino acids appears 0.2-0.7 ppm downfield from that of the corresponding
(Z)-isomer in the H NMR spectrum.2 27 The vinyl proton signal of the major isomer of
the mixture of 360 and 361 is at 7.74 ppm and the minor isomer's vinyl proton signal is at
8.69 ppm. This suggests that the major isomer is the (Z) isomer 360 and the minor
225 Yokoyama, Y.; Takahashi, M.; Takashima, M.; Mitsuru, K.; Kohno, Y.; Kobayashi, H. Chem. Pharm.
Bull. 1994, 42, 832.
226 Buchwald's conditions were explored due to previous success seen with this catalyst system in reactions
of azulenyl iodide 98 (eq 68).
227 (a) Sch6llkopf, U.; Meyer, R. Liebigs Ann. Chem. 1981, 1469. (b) Srinivasan, A.; Richards, K. D.;
Olsen, R. K. Tetrahedron Lett. 1976, 891.
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isomer is the (E) isomer 361. This assignment was confirmed by a nuclear Overhauser
enhancement experiment. Irradiation of the nitrogen-bound amide proton of 360 resulted
in a positive enhancement (ca. 7%) of the acetyl protons, as well as a negative
enhancement (ca. 7%) of the C-5 proton on azulene (shown below). In addition, no
enhancement of the vinyl proton was detected.
ca. 7%
nOe
360
Although disappointed that the Heck reaction of azulenyl iodide 107 with
amidoacrylate 355 produced a mixture of (E) and (Z) isomers, we were still hopeful that
these compounds could successfully be transformed into the desired amino acid
derivatives. It is possible to partially separate this mixture on preparative HPLC (Waters
Prep Nova Pak HR column, 6 silica, 19 mm x 30 cm; gradient elution with 40-60%
EtOAc-hexane) and using the pure (E) or (Z) isomer it would be possible to then use a
number of different asymmetric hydrogenation catalysts to effect the enantioselective
reduction.22 822 9 Alternatively, the enantiomers produced via a hydrogenation with non-
228 For a review of asymmetric hydrogenations of enamides, see: (a) Noyori, R.; Takaya, H.; Ohta, T.
Catalytic Asymmetric Synthesis; Ojima, I., Ed.; VCH Publishers: Weinheim, 1993; pp 1-39. (b) Knowles,
W. S. Acc. Chem. Res. 1983, 16, 106. (c) Burk, M. J. Acc. Chem. Res. 2000, 33, 363.
229 For more recent examples of catalyst systems that have been shown to asymmetrically hydrogenate
enamides of this type, see: (a) RajanBabu, T. V.; Ayers, T. A.; Casalnuovo, A. L. J. Am. Chem. Soc. 1994,
116, 4101. (b) Kreuzfeld, H-J.; Schmidt, U.; D6bler, C.; Krause, H. W. Tetrahedron Asymm. 1996, 7,
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chiral ligands could potentially be separated on chiral preparative HPLC. However, we
were hoping to utilize both geometric isomers by carrying our the hydrogenation utilizing
rhodium DuPhos, a catalyst system which is known to reduce (E) and (Z) mixtures of
olefins to the same, single enantiomer of the desired product. The following section will
briefly describe the utility of this catalyst system.
Background: Enantioselective Hydrogenation of Dehydroarylamino Acids with
Rhodium DuPhos
In 1993, Burk reported a new class of chiral C-2 symmetric bis(phospholane)
ligands that can be used in rhodium-catalyzed asymmetric hydrogenation reactions of
enamides.230 In particular, rhodium complexes of ethyl and isopropyl DuPhos 362 (R
Et or i-Pr) were found to promote highly enantioselective and efficient hydrogenations of
dehydroarylamino acids. For example, hydrogenation of enamine 363 in the presence of
the rhodium DuPhos catalyst results in the formation of arylamino acid 364 in
quantitative yield (eq 121).
1011. (c) Zhu, G.; Cao, P. Jiang, Q.; Zhang, X. J. Am. Chem. Soc. 1997, 119, 1799. (d) Pye, P. J.; Rossen,
K.; Reamer, R. A.; Tsou, N. N.; Volante, R. P.; Reider, P. J. J. Am. Chem. Soc. 1997, 119, 6207. (e) Chan,
A. S. C.; Hu, W.; Pai, C-C.; Lau, C-P. J. Am. Chem. Soc. 1997, 119, 9570. (f) Zhu, G.; Zhang, X. J. Org.
Chem. 1998, 63,3133. (g)Qiao, S.; Fu, G. C. J. Org. Chem. 1998, 63, 4168. (h) Imamoto, T.; Watanabe,
J.; Wada, Y.; Masuda, H.; Yamada, H.; Tsuruta, H.; Matsukawa, S.; Yamaguchi, K. J. Am. Chem. Soc.
1998, 120, 1635. (i) Kang, J.; Le, J. H.; Ahn, S. H.; Choi, J. S. Tetrahedron Lett. 1998, 39, 5523. (j)
Evans, D. A.; Campos, K. R.; Tedrow, J. S.; Michael, F. E.; Gagn6, M. R. J. Am. Chem. Soc. 2000, 122,
7905. (k) Taylor, R. A.; Santora, R. P.; Gagn6, M. R. Org. Lett. 2000, 2, 1781. (1) Liu, D.; Li, W.; Zhang,
X. Org. Lett. 2002, 4, 4471. (m) Lotz, M.; Polborn, K.; Knochel, P. Angew. Chem. Int. Ed. 2002, 41,
4708. (n) Guo, R.; Li, X.; Wu, J.; Kwok, W. H.; Chen, J.; Choi, M. C. K.; Chan, A. S. C. Tetrahedron
Lett. 2002, 43, 6803. (o) Evans, D. A.; Michael, F. E.; Tedrow, J. S.; Campos, K. R. J. Am. Chem. Soc.
2003, 125, 3543.
230o Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, R. L. J. Am. Chem. Soc. 1993, 115, 10125. See
also: Burk, M. J.; Gross, M. F.; Martinez, J. P. J. Am. Chem. Soc. 1995, 117, 9375 and Burk, M. J.; Wang,
Y. M.; Lee, J. R. J. Am. Chem. Soc. 1996, 118, 5142.
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CO2Me
NHAc
362
[(R,R)-Et-DuPhos)Rh] OTf
H2 (30 psi)
MeOH, rt, 24 h
363
CO2 Me
'4 . NHAc
364
In a particularly amazing finding, Burk reported that the rhodium DuPhos (362)
catalyst system hydrogenates both of the isomeric (Z)- and (E)-enamides 365 and 366 to
produce the desired product as a single enantiomer (367) in quantitative yield (eq 122).
Burk reported greater than 99% enantiomeric excess for both reactions and no
appreciable difference in the rate of hydrogenation of 365 and 366 was observed.
Additionally, separation of the (E) and (Z) isomers was not necessary to accomplish the
stereoselective hydrogenation.
[(R,R)-Pr-DuPhos)Rh]
H2
-CO 2Me
NHAc
>99% ee
367
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(121)
NHAc
CO2 Me
365
CO 2Me
NHAc
366
(122)
In attempts to provide an explanation for this result, Burk and coworkers
conducted deuterated hydrogenation experiments (Scheme 26). They hypothesized that it
could be possible that isomerization of the the E and Z isomers might be taking place
prior to' the hydrogenation. If one assumes stereospecific cis addition of D2 to the double
bond of the enamide, then deuteration of 368 and 370 should produce diastereomeric
products 369 and 371, respectively. Any degree of isomerization of substrate 368 or 370
prior to hydrogenation would lead to the formation of both diastereomers 369 and 371
with varying ratios. Complete isomerization, for example, of 368 to 370 would result in
the formation of only one diastereomeric product (in this case, 371). However,
deuteration of enamide 368 leads only to diastereomer 369, and deuteration of 370 results
solely in the formation of 371, clearly indicating that isomerization does not take place
prior to hydrogenation. The explanation for the catalyst's ability to promote
hydrogenation of mixtures of olefin isomers to generate only one enantiomer remains
unclear.
Scheme 26
[(R,R)-Pr-DuPhos)Rh]
D2
iscbion
[(R,R)-Pr-DuPhos)Rh]
D2
D H
CO 2Me
369
D, H
'" CO2Me
AcHN" D
371
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NHAc
.CO 2 Me
368
CO2Me
NHAc
370
TSynthesis of Azulenylamino Acid Derivatives via Hydrogenation of Azulenyl
Dehydroamino acids
Based on the work of Burk described above, we hoped that employment of the
rhodium DuPhos catalyst system would effectively promote a stereoselective
hydrogenation of our dehydroazulenylamino acid derivatives 360 and 361. Before
attempting reactions with DuPhos, we decided to investigate the non-asymmetric
hydrogenation of these substrates under various conditions to determine optimal
conditions for rhodium-catalyzed hydrogenations of this novel dehydroazulenyl amino
acid. Initial experiment were conducted at 1 atm, as several hydrogenations of
aryldehydroamino acids had been reported to occur at this pressure.222c 23l We attempted
the reaction using Pd/C, [Rh(PPh3)3]Cl, and Rh(BINAP)(COD)BF4. The results are
summarized in the table below. Unfortunately, we observed no reaction to occur under a
variety of conditions. Even after prolonged periods of time, only starting material was
recovered. In addition, attempts to utilize the rhodium DuPhos catalyst system to
hydrogenate 360 and 361 at 1 atm were also unsuccessful in both ethanol and methylene
chloride (eq 123).
231 In particular, hydrogenation of a dehydronaphthylamino acid derivative has been performed with
DuPhos at 1 atm, see: Lee, Y.; Silverman, R. B. Tetrahedron 2001, 57, 5339.
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Table 11. Hydrogenations of Didehydroazulenylamino Acids 360 and 361
CO2Me
AcHN
OPiv
NHAc
MeO 2 C=
OPiv
catalyst
H2 (1 atm), rt
CO2 Me
.AcHN .
OPiv
360 361 372
entry catalyst solvent time result
1 2% Rh(BINAP)(COD)BF4 MeOH 48 h recovered sm
2 12% Pd/C CH2C12 48 h recovered sm
3 20% [Rh(PPh3)3]Cl CH2C12 48 h recovered sm
4 25% [Rh(PPh3)3]C1 CH2C12 72 h trace product
5 2% Rh(BINAP)(COD)BF4 CH2C12 24 h recovered sm
co 2 Me
AcHN-'
OPiv
(123)
360 361 373
NOT OBSERVED
Despite high catalyst loadings and prolonged reaction times, hydrogenation of
these substrates was not occurring at 1 atm. Clearly, it would be necessary to examine
the reaction at higher pressures of hydrogen. Using a Parr apparatus,2 32 we conducted a
series of hydrogenations at 30-50 psi of hydrogen, as shown in the table below. By using
232 I would like to thank the Swager laboratory for allowing me to use their Parr hydrogenation apparatus to
complete these studies.
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CO2Me NHAc
+
OPiv
20 mol% [(R,R)-Et-DuPhos)Rh] BF4
H2 (1 atm)
MeOH or CH2CI2, rt, 3 d
OPiv
loadings of 20-25% of Wilkinson's catalyst, partial conversion of the mixture of isomers
360 and 361 to the desired azulenylamino acid derivative 372 was observed at 40 psi of
hydrogen.
Table 12. Hydrogenations of Didehydroazulenylamino Acids 360 and 361
CO 2 Me
AcHN
OPiv
NHAc
+OP iv
OPiv
catalyst
H2
EtOH, t
CO2 Nb
AcHN'~
OPiv
361
catalyst
1 equiv Pd/C
25% [Rh(PPh 3) 3]Cl
25% [Rh(PPh 3) 3]CI
20% [Rh(PPh 3) 3]C1
pressure (psi)
50
30
40
40
time
24 h
24 h
48 h
4d
372
result
decomposition of sm
recovered sm
ca. 38% yield
ca. 50% yield
Following these experiments, we decided to reinvestigate the reaction using
DuPhos as a chiral ligand. We examined the reaction using 25-40% catalyst loading at
40-50 psi of hydrogen. Unfortunately, the results were disappointing. The desired
product 373 formed in low yield, and the enantioselectivity of the reaction was poor. Our
optimal result for the hydrogenation of enamides 360 and 361 to produce azulenylamino
acid derivative 373 with rhodium DuPhos is shown in eq 124.
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360
entry
1
2
3
4
NHAc
M8 2C 
OPiv
361
CO2Me
AcHN
30 mol% [(R,R)-Et-DuPhos)Rh] eBF 4
H2 (50 psi)
MeOH, rt, 4 d
50% yield OPiv
41%ee
373
It was clear that DuPhos would not provide access to enantiomerically pure
azulenylamino acid derivative 373. We decide to optimize the synthesis of the racemic
azulenyl amino acid 372 using Wilkinson's catalyst. We were pleased to see that at 95
psi of hydrogen, the reaction proceeds efficiently producing 372 in 71% yield (eq 125).
It should be noted that these enantiomers can be separated with chiral HPLC using Daicel
Chiracel OD (elution with 10% IPA-hex), thereby providing access to both the D- and L-
azulenylamino acids in enantiomerically pure form.
CO2 Me
AcHN
OPIv
360
NHAc
+
361
CO2 M
AcHN
15 mol% [(R,R)-Et-DuPhos)RhP eBF4
H2 (95 psi)
MeOH, rt, 24 h
71 % OPiv
372
In addition to examining the tandem Heck reaction/hydrogenation route as a
means to access azulenylamino acid derivatives, we were also interested in investigating
an alternative and perhaps more efficient method of generating these compounds.
Specifically, directly forming the azuenylamino acid from azulenyl iodide 107 via a
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CO2 e
AcHJ
360
(124)
(125)
i
i
Negishi coupling would be particularly attractive. Several reports of forming arylamino
acids in this manner have been described, as the following section outlines.
Background: Synthesis of Arylamino Acids via the Negishi Reaction
In efforts to develop a general route to enantiomerically pure amino acids,
Jackson and coworkers have thoroughly investigated the use of amino acid-derived
organozinc reagents in Negishi reactions.233'234 Specifically, much attention has been
devoted to synthesizing aryl-substituted a-, -, and y-amino acid derivatives. 2 34 a ' ghj- l'nP
Organozinc reagents can easily be prepared from alkyl iodides derived from serine,
aspartic acid, and glutamic acid. For example, enantiopure alanine iodide derivative 376
is produced from serine 374 in two steps including tosylation of alcohol 375 and a
Finkelstein reaction (eq 126). Insertion of activated zinc235 into the carbon-iodine bond
results in an organometallic reagent, which can then be coupled with carbon
233 For a review, see: Gair, S.; Jackson, R. F. W. Current Org. Chem. 1998, 2, 527.
234 (a) Jackson, R. F. W.; Wishart, N.; Wood, A.; James, K.; Wythes, M. J. J. Org. Chem. 1992, 57, 3397.
(b) Dunn, M. J.; Jackson, R. F. W. J. Chem. Soc., Chem Commun. 1992, 319. (c) Jackson, R. F. W.;
Wishart, N.; Wythes, M. J. Synlett 1993, 219. (d) Dunn, M. J.; Jackson, R. F. W.; Pietruszuka, J.; Wishart,
N.; Ellis, D.; Wythes, M. J. Synlett, 1993, 499. (e) Dunn, M. J.; Jackson, R. F. W.; Pietruszka, J.; Turner,
D J. Org. Chem. 1995, 60, 2210. (f) Jackson, R. F. W.; Turner, D.; Block, M. H. J. Chem. Soc. Perkin
Trans. 1 1997, 865. (g) Jackson, R. F. W.; Moore, R. J.; Dexter, C. S. J. Org. Chem. 1998, 63, 7875. (h)
Dexter, C. S.; Jackson, R. F. W. J. Org. Chem. 1999, 64, 7579. (i) Deboves, H. J. C.; Grabowska, U.;
Rizzo, A.; Jackson, R. F. W. J. Chem. Soc., Perkin Trans. 1 2000, 4284. (j) Dexter, C. S.; Hunter, C.;
Jackson, R. F. W. J. Org. Chem. 2000, 65, 7417. (k) Dexter, C. S.; Jackson, R. F. W.; Elliot, J.
Tetrahedron 2000, 56, 4539. (1) Hunter, C.; Jackson, R. F. W.; Rani, H. K. J. Chem. Soc., Perkin Trans. 1
2000, 219. (m) Hunter, C.; Jackson, R. F. W.; Rami, H. K. J. Chem. Soc. Perkin Trans. 1 2001, 1349. (n)
Deboves, H. J. C. Deboves; Montalbetti, C. A. G. N.; Jackson, R. F. W. J. Chem. Soc., Perking Trans. 1
2001, 1876. (o) Deboves, H. J. C.; Hunter, C.; Jackson, R. F. W. J. Chem. Soc. Perkin Trans. 1 2002, 733.
(p) Jackson, R. F. W.; Rilatt, I.; Murray, P. J. Chem. Commun. 2003, 1242. (q) Rodriguez, A.; Miller, D.
D.; Jackson, R. F. W. Org. Biomol. Chem. 2003, 1,-973.
235 Zinc can be activated in several ways, see: Organozinc Reagents: A Practical Approach; Knochel, P.;
Jones, P., Eds.; Oxford University Press: Oxford,1999. For examples of using TMSC1 to activate zinc, see:
ref 235n-o. For examples using iodine to activate zinc, see ref 235q.
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electrophiles, including aryl halides and triflates in the presence of a suitable palladium
catalyst. An example of a reaction of organozinc reagent derived from iodoalanine 376
with naphthyl iodide 377 is shown in eq 127. Typical Negishi reactions of this type are
performed in the presence of Pd2(dba)3 and P(o-tol)3 in DMF and although the reaction
shown in equation 127 is conducted at room temperature, many of the Negishi reactions
involving amino acid zinc reagents are conducted at elevated temperatures (50-60 °C). In
addition to the organozinc reagent, the related organocuprate, which can be formed via
treatment of the organozinc reagent with copper cyanide, can be directly coupled with
reactive electrophiles.234b-ei' m
BocHN CO2 Me TsCI, Et3N BocHNCOMe Nal BocHNCO2eDMAP, Me3 NHCI NalZ>---- - (126)
CH2CI2, 0°C s acetoneOH c OTs 80-82%I
64-69%
374 375 376
NHBoc
RnCHIN -1M Ia I
....... V ""' ... 6 equiv Zn* then
0.03 mol% Pd2dba3
1 m01 ol% P(o-tol)3
-C0 2 Me (127)
DMF, rt, 1 I
1.3 equiv
376 378
377
69%
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Synthesis of Azulenylamino Acid Derivatives via the Negishi Reaction
In addition to accessing azulenylamino acids using a tandem Heck/hydrogenation
route, we hoped to synthesize enantiopure azulenylamino acid derivatives directly via a
Negishi reaction with the aforementioned amino acid zinc reagents. As with the
Heck/hydrogenation strategy, we planned to utilize azulenyl halides formed via our ring
expansion annulation reaction using halo-substituted benzenes as starting materials. We
chose to begin our studies by examining the Negishi reaction of azulenyl iodide 107 with
the zinc reagent derived from iodoalanine 376. The reaction was conducted according to
Jackson's protocol using activated zinc,236 Pd2(dba)3, and P(o-tol)3. Unfortunately, we
recovered only unreacted iodoazulene 107 even after 48 h (eq 128).
NHBoc
BocHN CO 2 Me 1. 1.4 equiv Zn* ""
------------------- .------------------ (128)
2. 0.005 mol% Pd2dba3
I 0.02 mol% P(o-tol)3
1.1 equiv DMF, 60 °C, 48 h
OPiv
376 1 equiv 379
NOT OBSERVED
OPiv
107
Conducting the reaction with higher catalyst loadings and using alternative
methods of zinc activation237 did not improve the outcome of the reaction: Instead, the
zinc-mediated formation of 4,4'-biazulene 332 was observed (eq 129). Unfortunately, it
236 Zinc was activated with iodine, see ref 235.
237 Zinc was activated using TMSC1, see ref 235.
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may be that Negishi reactions of azulenyl iodide 107 with activated alkyl zinc reagents
are not feasible. We have not attempted any other reactions to study this transformation
further.
BocHNvCO 2Me
376
1. 3 equiv Zn
2. 0.1 mnol% Pd2dba3,
0.2 mol% P(o-tol)3
DMF, 65 °C, 24 h
1.3 equiv -
OPiv
107
PivO
OPiv
332
56%
We have found that the Heck reaction of an azulenyl iodide with an amidoacrylate
successfully produces a dehydroazulenyl amino acid derivative. This compound can then
be efficiently hydrogenated to form a 3-azulenyl-a-amino acid derivative. We view this
tandem Heck reaction/hydrogenation strategy to be an efficient and general route for
accessing azulenyl amino acids from our ring expansion annulation products.
176
J1
(129)
Conclusions
In summary, it has been demonstrated that the P-halo diazo ketone strategy is a
highly successful and efficient route to substituted azulenes. The method employs the
use of readily available starting materials and achieves the synthesis of azulenes
substituted on both the five- and seven-membered rings regioselectively. Recent
advances and modifications of the strategy conducted in our laboratory have expanded
the scope and proved the method's versatility. The synthetic utility of the ring expansion
annulation products, in particular azulenyl halides and triflates, was demonstrated by
their successful participation in transition metal-mediated carbon-carbon bond forming
reactions. These reactions have been used to not only further functionalize the five- and
seven-membered rings, but also in the synthesis of oligoazulenes and azulenylamino acid
derivatives.
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Part II
Tandem Ring-Forming Strategy for the Synthesis of Polycyclic
Nitrogen Heterocycles
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TChapter 1
Introduction and Background
The construction of functionalized and highly-substituted arenes has been of
particular importance to synthetic chemists because these systems are frequently
incorporated in the structures of biologically active natural products. Conventional
synthetic approaches to these types of molecules have been based on electrophilic and
nucleophilic substitution reactions and more recently, directed metalation and transition
metal-mediated reactions of benzene derivatives. Unfortunately, the use of these
methods sometimes meet with difficulties involving regio- and chemoselectivity,
especially when they are applied to highly substituted systems. Most importantly, these
approaches suffer from the drawback that they are linear strategies, and thus are
intrinsically inferior to more convergent approaches.
Aromatic annulations have emerged as an alternative and highly attractive
approach to the synthesis of substituted benzene derivatives. These highly-convergent
processes involve the combination of non-aromatic precursors with the formation of two
or more carbon-carbon bonds in a single step to produce an aromatic system.238
Substitution on the aromatic ring arises from incorporation of the desired substituents in
238 For reviews, see: (a) Williams, A.C. Contemp. Org. Synth. 1996, 3, 535. (b) Bamfield, P.; Gordon, P. F.
Chem. Soc. Rev. 1984, 13, 441.
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the annulation substrates. The following section will briefly discuss common annulation
approaches to aromatic systems.
Annulation Approaches to Highly-Substituted Aromatic Compounds
One of the earliest annulation routes to aromatic ring systems was a [3+3]
approach involving the base-catalyzed condensation of 1,3-dicarbonyl compounds 381
and ketones 382 (eq 130).239 In this approach, the annulation leads to the formation of
phenol derivatives. Another frequently employed strategy for the construction of arenes
employs [4+2] cycloadditions including the Diels-Alder reaction. Although the Diels-
Alder reaction does not directly form the aromatic system, aromatization can then be
achieved in situ by processes such as cycloreversions.240 For example, the [4+2]
cycloaddition of a-pyrone 384 with alkyne 385,241 followed by a retro [4+2]
cycloaddition with loss of CO2 results in the formation of phenol 387 (eq 13 1).242 In an
alternative and more direct approach studied in our laboratory, direct formation of the
aromatic ring is achieved via a [4+2] cycloaddition of enynes with alkynes.243 As shown
in eq 132, this cycloaddition most likely proceeds through a cyclic allene intermediate
that isomerizes to the aromatic system 390.
239 (a) Hill, H. B.; Torray, J. Chem. Ber. 1895, 28, 2597. (b) Hill, H. B.; Torray, J. J. Am. Chem. Soc.
1899, 22, 892.
240 For a review of retro-Diels-Alder reactions, see: Rickborn, B. Org. React. 1998, 52, 1.
241 For a review of Diels-Alder cycloadditions of a-pyrones, see: Afarinkia, K.; Vinader, V.; Nelson, T. D.;
Posner, G. H. Tetrahedron 1992, 48, 9111.
242 Tanyeli, C.; Tarhan, O. Synth. Commun. 1989, 19, 2453.
243 Danheiser, R. L.; Gould, A. E.; Fernandez de la Pradilla, R.; Helgason, A. L. J. Org. Chem. 1994, 59,
5514.
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O O0o 
R1 R 3
R 4
381
HO 00
Ph
384
CO2 Et
+ 12
CO2Et
150 °C
PhMe, 18 h
385
HO0O
/ /h CO2Et
CO2 Et
(-CO2)
81%
386
HO, CO2Et
T 'CO2EtPh
387
CH3
CO2 Me
180°C
1 equiv PhOH
PhMe, 7 h
388
I
389
,/~ CH3
50%
CO 2Me
390
(132)
Another approach to the synthesis of aromatic systems involves the transition
metal-catalyzed cyclotrimerization of alkynes. While the initial discovery of this process
was made in 1948,244 it was several years before this reaction was fully exploited for the
synthesis of substituted aromatic compounds.2 45 Although intermolecular
cyclotrimerizations of alkynes tend to produce mixtures of regioisomers, the
244 Reppe, W. H.; Schlichting, O.; Klager, K.; Toepel, T. Ann. Chim. 1948, 560, 1.
245 For reviews, see: (a) Grotjahn, D. B. Transition Metal Alkyne Complexes: Transition Metal-catalyzed
Cyclotrimerization. In Comprehensive Organometallic Chemistry II; Abel, E. W., Stone, F. G. A.,
Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol. 12, pp 741-770. (b) Vollhardt, K. P. C. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 539. (c) Saito, S.; Yamamoto, Y. Chem. Rev. 2000, 100, 2901. (d) Takahashi, T.;
Xi, Z.; Yamazaki, A.; Liu, Y.; Nakajima, K.; Kotara, M. J. Am. Chem. Soc. 1998, 120, 1672.
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(130)
R3
RZ
383
(131)
regioselectivity greatly improves when a diyne is employed as one component and a
bulky alkyne as the other. For example, the key step in Vollhardt's synthesis of dl-
estrone involves treatment of dialkyne 391 with CpCo(CO)2 to afford benzocyclobutene
392 (eq 133).246 Thermolysis of these types of benzocyclobutenes causes electrocyclic
ring opening, and the resulting o-quinodimethanes undergo Diels-Alder reactions to
generate the tetracyclic steroid system (e.g., 393).
o
Me
\\\''\ / CpCO(CO)2
TMS TMS
A
71%
(133)
391 392 393
An alternative transition metal-mediated annulation strategy for the synthesis of
aromatic systems has been developed by D6tz and co-workers.247 This method involves
the reaction of a Fischer carbene complex with an alkyne. The proposed mechanism for
this transformation is outlined in Scheme 27. Upon heating, the chromium carbene
complex 394 decarbonylates to form a coordinatively unsaturated chromium species,
which can then coordinate to the alkyne. This is followed by alkyne insertion into the
chromium carbene Ir bond to form vinylcarbene 395, which then undergoes CO-insertion,
246 Funk, R. L.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1980, 102, 5253.
247 For reviews, see: (a) Wulff, W. D. Transition Metal Carbene Complexes: Alkyne and Vinylketene
Chemistry. In Comprehensive Organometallic Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson, G.,
Eds.; Pergamon: Oxford, 1995; Vol. 12, pp 469-547. (b) D6tz, K. H. Angew. Chem., Int. Ed. Engl. 1984,
23, 587. (c) de Meijere, A.; Shirmer, H.; Duetsch, M. Angew. Chem., Int. Ed. Engl. 2000, 39, 3964. (d)
D6tz, K. H.; Stendel, J. In Modern Arene Chemistry; Astruc, D., Ed.; Wiley VCH: Weinheim, 2002; pp
250-296.
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producing a 4 vinylketene chromium complex 396. Finally, 396 cyclizes and
tautomerizes to generate phenol derivative 397.
Scheme 27
'N.. Cr(CO)r
OMe
394
CO
(OC)3h /Crk, Bu
OMe
395
H Bu
Ac2 0, THF, reflux
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-----------------
An annulation strategy for the synthesis of highly-substituted phenol derivatives
involving a related electrocyclic ring closure of dienylketenes was developed in the
Danheiser laboratory at about the same time as the D6tz reaction described above. Two
versions of this reaction have been reported. The "first generation" benzannulation
strategy involves the reaction of cyclobutenones with various acetylenes. The postulated
mechanism for this reaction is outlined in Scheme 28.48 Cyclobutenone 398 undergoes a
four-electron electrocyclic cleavage to form a highly reactive vinylketene 400. This-
intermediate participates in a regioselective [2+2] cycloaddition with acetylene 399 to
form vinylcyclobutenone 401. As with cyclobutenone 398, vinylcyclobutenone 401
248 Danheiser, R. L.; Gee, S. K. J. Org. Chem. 1984, 49, 1672.
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Bu
OMe
397
Bu
CO)3
396
undergoes a four-electron electrocyclic cleavage. Subsequent 6 electrocyclic ring
closure and tautomerization results in the formation of highly substituted phenol 403 with
the substitution pattern shown. In the case of the "second generation" benzannulation
strategy, a diazo ketone precursor is employed and the first step of the mechanism
involves a photo Wolff rearrangement to form a vinylketene of type 400.249 Both of these
strategies will be discussed in detail in the following sections.
Scheme 28
o /R heat or light
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C
x
399398
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--- *O----
400
403
6-electron
electrocyclic closure
and tautornerization
R' 0
X)9 RF
R2 R
401
4-electron
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A related benzannulation strategy that was reported subsequent to the initial
reports from our laboratory utilizes vinylketenes derived from squaric acid. This
249 Danheiser, R. L.; Brisbois, R. G.; Kowalczyk, J. J.; Miller, R. F. J. Am. Chem. Soc. 1990, 112, 3093.
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strategy, which was developed independently by Liebeskind2 50 and Moore,25' is outlined
in Scheme 29. Squaric acid (404) can be converted into 4-aryl and 4-
vinylcyclobutenones (e.g., 405), which upon heating undergo transformations analogous
to those shown in Scheme 28 (401-*403) to produce hydroquinones (406). These
compounds can then be oxidized to form highly substituted quinones (407).
Scheme 29
HO 0
-- H
HO o
on
R2 R3
"I
404 405 406 407
Scope of the Danheiser Benzannulation
The aim of my research has been the development of a new tandem ring-forming
strategy for the synthesis of polycyclic nitrogen heterocycles in which the first step
involves a new variant of the Danheiser benzannulation. Before describing this
chemistry, it is appropriate to review significant features of the benzannulation. In
250 (a) Liebeskind, L. S.; Iyer, S.; Jewell, C. F., Jr. J. Org. Chem. 1986, 51, 3065. (b) For recent examples,
see: Zhang, D.; Llorente, I.; Liebeskind, L.S. J. Org. Chem. 1997, 62, 4330 and references therein.
251 (a) For a review, see Moore, H. W.; Yerxa, B. R. Synthetic Utility of Cyclobutenones. In Advances in
Strain Organic Chemistry; Halton, B., Ed.; Jai Press: London, 1995; Vol 4, pp 81-162. See also: (b)
Karlsson, J. O.; Nguyen, N. V.; Foland, L. D.; Moore, H. W. J. Am. Chem. Soc. 1985; 107, 3392. (c)
Moore, H. W.; Perri, S. T. J. Org. Chem. 1986, 51, 3067. (d) For recent examples, see: Tomooka, C. S.;
Liu, H.; Moore, H. W. J. Org. Chem. 1996, 61, 6009 and references therein.
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particular, the scope and limitations of the reaction with respect to both the 4-7
component (vinylketene) and the 2-7r component (alkyne) are discussed in the following
section.
The Vinylketene Component
Vinylketenes can be efficiently formed from cyclobutenones under both thermal
and photochemical conditions.25 2' 2 53 Substitution on the cyclobutenone ring can affect the
conditions required for the annulation and also affects the stereochemical outcome of the
four-electron electrocyclic ring cleavage. These effects are particularly significant in the
case of 2- and 4-substituted cyclobutenones. Formation of both the aldoketene (e.g., 410,
R 2 = H) and ketoketene (e.g., 411, R2 - H) was confirmed to occur at 80 oC254 and under
photochemical conditions255 via trapping experiments with amines. However, the
subsequent [2+2] cycloaddition of these vinylketenes with alkynes is drastically affected
by substitution at the C-2 position, as shown in equation 134.256 In general, the
cycloaddition of ketoketenes with alkynes requires higher temperatures than aldoketenes.
Interestingly, attempted photochemical benzannulations at room temperature using 2,3-
dimethylcyclobutenone was not successful.255 However, this result cannot be rationalized
252 (a) For a review of cyclobutanones and cyclobutenones, see: Bellus, D.; Ernst, B. Angew. Chem. Int.
Ed. Engl. 1998, 2 7, 797. (b) For a comprehensive review of the chemistry of four-membered ring
carbocycles, see: Methods of Organic Chemistry (Houben-Weyl); de Meijere, A.; Ed.; Thieme: Stuttgart,
Germany, 1997; Vol. E17e and f. (c) Namyslo, J. C.; Kaufmann, D. E. Chem. Rev. 2003, 103, 1485.
253 For a review of the use of cyclobutenones in aromatic annulations, see: Moore, H. W.; Yerxa, B. R.
Synthetic Utility of Cyclobutenones. In Advances in Strain Organic Chemistry; Halton, B., Ed.; Jai Press:
London, 1995; Vol 4, pp 81-162.
254 Gee, S. K. Annulation Approaches to Cyclooctanes and Aromatic Compounds. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, February 1984.
255 Pal, K. A Photochemical Annulation Approach to Highly Substituted Aromatic Compounds. Ph.D.
Thesis, Massachusetts Institute of Technology, Cambridge, MA, February 1987.
256 (a) For a review of ketene cycloadditions, see: Hyatt, J. A.; Raynolds, P. W. Org. React. 1994, 45, 159.
(b) For a general review of ketene chemistry, see: Tidwell, T. Ketenes; Wiley: New York, 1995.
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purely based on the lower reactivity of ketoketenes in [2+2] cycloadditions, since the
photochemical benzannulation of 2,4-dimethyl-3-butylcyclobutenone proceeded
smoothly at room temperature. 55
t2 ~ MeO Me
412
H3C H3 . R2 = H hv, 48 h, 75%
(134)
R2 = CH 3 120 C, 71 h, 61%
R2 = H 408 R2 = H 410 hv,noreacion R2 = H 413
R2 = CH 3 409 R2 = CH3 411 R2 = CH 3 414
The nature of the substituent at the C-4 position of the cyclobutenone greatly
influences the stereochemical outcome of the four-electron electrocylic ring cleavage.
Calculations by Houk and coworkers predict that electrocyclic ring openings of
cyclobutenones occur with outward or inward rotation depending on the electronic nature
of the C-4 substituent.2 57 In general, electron-donating groups rotate outward, while
electron-withdrawing roups rotate inward. Ring opening of cvclobutenones under
-photochemical onditions proceed with the opposite selectivity. The effect of this on -
photochemical conditions proceed with the opposite selectivity.258 The effect of this on
the outcome of the electrocyclic ring opening in the context of the Liebeskind-Moore
reaction is shown in Scheme 30.259 Exposure of cyclobutenone 415 to heat or light results
in the formation of vinylketenes 416 and 417, respectively, thus leading ultimately to two
very different products.
257 (a) Niwayama, S.; Kallel, E. A.; Sheu, C.; Houk, K. N. J. Org. Chem. 1996, 61, 2517. (b) Niwayama,
S.; Kallel, E. A.; Spellmeyer, D. C.; Sheu, C.; Houk, K. N. J. Org. Chem. 1996, 61, 2813.
258 Baldwin, J. E.; McDaniel, B. L. J. Am. Chem. Soc. 1968, 90, 6118-6124.
259 Foland, L. D.; Karlsson, J. O.; Perri, S. T.; Schwabe, R.; Xu, S. L.; Patil, S.; Moore, H. W. J. Am. Chem.
Soc. 1989, 111, 975-989.
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Benzannulation reactions employing cyclobutenones as starting materials have
been used in the total syntheses of several natural products, including grifolin,248
mycophenolic acid,260 and ascochlorin.261 Shown in Scheme 31 is the crucial
benzannulation step involved in the synthesis of ascochlorin (423). Given the thermal
sensitivity of benzyloxyalkynes,2 62 reaction of alkyne 420 with cyclobutenone 421 was
conducted under photochemical conditions at room temperature. This presumably leads
to the formation of a vinylcyclobutenone of type 401, which undergoes further
electrocyclic cleavage and then 6 electrocyclic closure to furnish 422. Heating is
required to complete the conversion of all of the intermediate vinylcyclobutenone to the
26 0Danheiser, R. L.; Gee, S. K.; Perez, J. J. J. Am. Chem. Soc. 1986, 108, 806-810.
261 Dudley, G. B.; Takaki, K. S.; Cha, D. D.; Danheiser, R. L. Org. Lett. 2000, 2, 3407.
262 Benzyloxyacetylenes have a tendency to undergo [3,3] sigmatropic rearrangements upon heating, see:
(a) Wunderli, A.; Zsindely, J.; Hansen, H. J.; Schmid, H. Chimia 1972, 26, 643. (b) Katzenellenbogen, J.
A.; Utawanit, T. Tetrahedron Lett. 1975, 38, 3275 and references therein.
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desired aromatic product in good yield. This ascochlorin precursor can then be
transformed into the natural product in three steps.
Scheme 31
0
Cl? CH3
421
hv, PhH, 41 h
then 120 C, 4 h
65%
420 422
3 steps
(-)-Ascochlorin (423)
In addition to cyclobutenones, diazo ketones are important vinylketene precursors
for the benzannulation reaction. This "second generation" benzannulation strategy that
was developed in the Danheiser laboratory relies on the photochemical Wolff
rearrangement2 63 of a-diazo ketones.24 9 This variant of the benzannulation allows access
to polycyclic aromatic and heteroaromatic systems that are not available using the
263 For reviews on the Wolff rearrangement, see: (a) Zollinger, H. Carbenes from a-Diazocarbonyl
Compounds: The Wolff Rearrangement and the Arndt-Eistert Reaction. In Diazo Chemistry II. Aliphatic,
Inorganic, and Organometallic Compounds; VCH: New York, 1995; pp 344-358. (b) Meier, H.; Zeller, K.
P. Angew. Chem., Int. Ed. Engl. 1975, 14, 32. (c) Doyle, M. P.; McKervey, M. A.; Ye, T. Modern
Catalytic Methods for Organic Synthesis with Diazo Compounds; Wiley & Sons, Inc.: New York, 1998;
Chapter 9.
189
I!
I
I
cyclobutenone-based strategy (e.g., eq 135). This type of benzannulation has also been
employed as the key step in the total syntheses of a number of different natural
products. 2 6 4
i-Pr OSi(i-Pr)3
425
CICH 2CH 2CI
light; then heat
(135)
60%
424 426
The Alkyne Component
The scope and limitations of the benzannulation with respect to the 27r acetylene
component26 5 has also been thoroughly investigated. Although the majority of the
reactions that have been investigated employ alkynyl ethers, the annulation has been
demonstrated to proceed using sulfur- and nitrogen-substituted alkynes 248 and, in some
cases, unactivated acetylenes.266 Methoxy- and siloxyacetylenes are the most frequently
used 2 components in the benzannulation reaction. Methoxyacetylenes26 7 have been
employed in many reactions and its use is favored over other alkoxyacetylenes that bear
3-hydrogens because these alkynes can undergo retroene reactions to form ketenes upon
264 (a) Maesanin: Danheiser, R. L.; Cha, D. C. Tetrahedron Lett. 1990, 31, 1527. (b) Dan Shen
diterpenoid quinones: Danheiser, R. L.; Casebier, D. S.; Loebach, J. L. Tetrahedron Lett. 1992, 33, 1149.
(c) Aegyptinones A and B: Danheiser, R. L.; Casebier, D. S.; Huboux, A. H. J. Org. Chem. 1994, 59,
4844. (d) Salvilenone: Danheiser, R. L.; Helgason, A. L. J. Am. Chem. Soc. 1994, 116, 9471. (e)
Bergapten: Danheiser, R. L.; Trova, M. P. Synlett 1995, 573. (f) Neocryptotanshinone, cryptotanshinone,
tanshinone, and royleanone: Danheiser, R. L.; Casebier, D. S.; Firooznia, F. J. Org. Chem. 1995, 60, 8341.
265 Brandsma, L. Preparative Acetylenic Chemistry, Elsevier Publishing Co., Amsterdam, New York,
1971.
266 Kowalczkyk, J. J. Annulation Approaches to Highly Substituted Aromatic Compounds. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, September, 1988.
267 Jones, E. R. H.; Eglinton, G.; Whiting, M. C.; Shaw, B. L. In Organic Syntheses; Wiley & Sons: New
York, 1963; Collect. Vol. IV, pp 404-407.
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thermolysis.268 Siloxyacetylenes26 9 are useful alternatives to methoxyacetylenes because
they participate efficiently in the benzannulation reaction and are generally less difficult
to synthesize than methoxyacetylenes.2 70 It should be noted that siloxyacetylenes with
bulky silyl protecting groups (e.g., 425) are required due to the tendency of smaller silyl
groups (e.g., Me3Si) to rearrange in a reaction that transforms the siloxyalkyne to a
silylketene.
As mentioned earlier, sulfur-substituted alkynes participate in the benzannulation
reaction. The products of benzannulations utilizing thioalkyne derivatives can easily be
desulfurated to form phenol derivatives. For example, reaction of methylthiopropyne
(427) with cyclobutenone 409 in chloroform at elevated temperatures produces
annulation product 428 in good yield. Subsequent treatment with Raney nickel then
delivers phenol derivative 429 (eq 136).248
HaCO
CH 3 H3C
409
CHCI3, 135 °C, 73 h
SMe 86%
Raney Ni
99%
(136)
427 428 429
268 (a) Nieuwenhius, J.; Arens, J. F. Rec. Trav. Chim. Pays-Bas 1958, 77, 761. (b) Ficini, J. Bull. Soc.
Chim. Fr. 1954, 1367. (c) Van Dallen, T. J.; Kraak, A.; Arens, J. F. Rec. Trav. Chim. Pays-Bas. 1961, 80,
810. (d) Nagashima, E.; Suzuki, K.; Sekiya, M. Chem. Pharm. Bull. 1981, 29, 1274. (e) Pericas, M.;
Serratosa, F. Tetrahedroi Lett. 1977, 4437.
269 For the preparation of silyloxyacetylenes, see: (a) Stang, P. J.; Roberts, K. A. J. Am. Chem. Soc. 1986,
108, 7125. (b) Kowalski, C. J.; Lal, G. S.; Haque, M. S. J. Am. Chem. Soc. 1986, 108, 7127. For the
preparation of siloxyacetylenes and their application to the benzannulation, see: (c) Danheiser, R. L.;
Nishida, A.; Savariar, S.; Trova, M. P. Tetrahedron Lett. 1988, 29, 4917. (d) Kowalski, C. J.; Lal, G. S. J.
Am. Chem. Soc. 1988, 110, 3693.
270 For a cautionary note about the synthesis of methoxyacetylene, see: Stone, G. B.; Liebeskind, L. S. J.
Org. Chem. 1990, 55, 4614, footnote 26.
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In addition to the acetylenic 2 components already discussed, ynamines have
also been utilized as ketenophiles.27 1 The use of these compounds in benzannulation
reactions have led to some interesting results. The following section will describe the
reaction of ynamines with vinylketenes in more detail.
Ynamines in Benzannulation Reactions
Employment of ynamines as 2 components in the benzannulation reaction
potentially could provide a useful method for the synthesis of substituted anilines.
Ynamines have been found to be highly-reactive ketenophiles and they readily participate
in the benzannulation reaction. For example, ynamine 430 reacts smoothly with
trisubstituted cyclobutenone 431 in benzene at 160 °C to produce the fully substituted
phenol 432 (eq 137).248 However, the reaction of 1-methoxyoctyne with cyclobutenone
431 under similar conditions produces the expected annulation product in a disappointing
yield (33%).
OH
Hex Me 0 PhH
160 °C, 2 h
83%
Me2 Et Me
(137)
430 431 432
271 For the use of enamines in [2+2] cycloadditions with vinylketenes, see: Collomb, D.; Doutheau, A.
Tetrahedron Lett. 1997, 38, 1397.
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The reaction of ynamine 430 with cyclobutenone 408 at 150 C in benzene
provides the desired aminophenol 433 along with an unusual byproduct, allenamide
434.254 Interestingly, there is no appearance of this byproduct at lower temperatures, as
performing the reaction at 80 °C results in the isolation of vinylcyclobutenone 435, which
can then be cleanly converted to aminophenol 433 upon heating at 160 C as shown in
Scheme 32.
Scheme 32
PhH
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0
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NMe 2
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74%
t PhH
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Also interesting is the result of the reaction of cyclobutenone 437 with an excess
of ynamine 436 under photochemical conditions. This reaction led to a mixture of the
desired aminophenol 438 and the amide byproduct 439 (eq1 138).255
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The formation of the unusual byproducts 434 and 439 in these benzannulation
reactions is attributed to the ability of ynamines to react with vinylcylobutenones via a
stepwise dipolar mechanism which results from the highly nucleophilic nature of
ynamines (eq 139).272
0
Bu4
440
+ I1I
NMe2
oe
Et
Bu fl
NMM2
436
(139)
441
The formation of unusual byproducts 434 and 439 can then be attributed to the
formation of the zwitterionic intermediate 441 which cyclizes to produce the highly
strained oxetene 442 (Scheme 33). Electrocyclic cleavage of 442 affords allenylamide
443 (explaining the formation of 434), which can also react with a second equivalent of
ynamine in a Michael type addition to ultimately produce amide 439 by the pathway
outlined below. Alternatively, the transformation of 443 to 445 can involve a [4+2]
cycloaddition of allenamide with excess ynamine.
2 72 (a) Ficini, J. Tetrahedron 1976, 32, 1449. (b) Ficini, J.; Falou, S.; d'Angelo, J. Tetrahedron Lett. 1977,
1931. (c) Delaunois, M.; Ghosez, L. Angew. Chem. Int. Ed. Engl. 1969, 8, 72.
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Another peculiar result in the [2+2] cycloaddition of ynamines and
cyclobutenones has been reported by Ficini and co-workers.2 72b These researchers found
that ynamine 446 reacts with 2,4-dimethylcyclobutenone (447) at low temperature to
form aminocyclobutenone 448 (a regioisomer of the expected cyclobutenone product) via
a very unusual rearrangement. This vinylcyclobutenone rearranges to phenol 449 upon
heating (eq 140).
Me O0
Me
Et20
-50 °C, 30 min
55%
447
Me 0 OH
Me Me
XCD >140 °C
Me CD3
448 449
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Scheme 33
CD3
11
NEt2
446
(140)
A proposed intermediate in the formation of vinylcyclobutenone 448 is
bicyclohexenone 450. This species is presumed to form via a [2+2] cycloaddition of
ynamine 446 directly with cyclobutenone 447. This strained intermediate can then
rearrange in situ to give vinylcyclobutenone 448 regioselectively via a concerted process
(eq 141).
min
2 + 2 + 2
(141)
450 448
In summary, ynamines are highly-reactive 2 components in the benzannulation,
but in these reactions the desired phenol is often accompanied by undesired byproducts.
In addition, ynamines are relatively unstable compounds, difficult to purify, and their
synthesis can often be non-trivial. Ynamides273 have emerged as attractive alternatives to
ynamines in many reactions, as they are more easily purified and stored, and are less
susceptible to polymerization than ynamines. Ynamides have been useful as substrates in
several synthetic transformations, including cycloadditions2 74 and ring closing
273 For reviews of the chemistry of ynamines and ynamides, see: (a) Mulder, J. A.; Kurtz, K. C. M.; Hsung,
R. P. Synlett 2003, 1379. (b) Zificsak, C. A.; Mulder, J. A.; Hsung, R. P.; Rameshlumar, C.; Wei, L.-L.
Tetrahedron 2001, 57, 7575. (c) Himbert, G. In Methoden der Organischen Chemie (Houben-Weyl);
Kropf, H., Schaumann, E., Eds.; Georg Thieme Verlag: Stuttgart, 1993; Vol. E15, Part 3, pp. 3267-3443.
(d) Collard-Motte, J.; Janousek, Z. Top. Curr. Chem. 1986, 130, 89.
274 (a) Hsung, R. P.; Zificsak, C. A.; Wei, L.-L.; Douglas, C. J.; Xiong, H.; Mulder, J. A. Org. Lett. 1999, 1,
1237. (b) Witulski, B.; Stengel, T. Angew. Chem., Int. Ed. Engl. 1999, 38, 2426. (c) Witulski, B.; Stengel,
T.; Fernndez-Hern/ndez, J. M. J. Chem. Soc., Chem. Commun. 2000, 1965. (d) Witulski, B.; Alayrac, C.
Angew. Chem., Int. Ed. Engl. 2002, 41, 3281. (e) Witulski, B.; Lumtscher, J.; Bergstri[er, U. Synlett 2003,
708.
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metatheses. The use of ynamides in many types of synthetic reactions has increased in
recent years due to the development of several general and efficient methods for the
synthesis of these compounds. The accessibility of ynamides now makes their use in the
benzannulation reaction as N-activated acetylenes an attractive method for accessing
highly substituted anilines.
Synthesis of Ynamides
The new efficient and general methods for the preparation of ynamides involve
the direct alkynylation of amide derivatives such as carbamates and sulfonamides.27 6 The
first approach of this type to be developed involved the reaction of metalated amides
(e.g., 451) with hypervalent iodonium salts (e.g., 452)277 and has been studied by Stang278
and Feldman27 9 (eq 142). The addition of soft nucleophiles to phenylalkynyl iodonium
salts results in the formation of alkylidenecarbene intermediates (e.g., 453), which
rearrange to form the desired ynamides (e.g., 454). Although this reaction is not suitable
for the preparation of ynamides in which the alkyne is substituted with alkyl derivatives,
several acyl and sulfonyl-substituted alkynes have been formed ("push-pull" ynamides)
275 (a) Saito, N.; Sato, Y.; Mori, M. Org. Lett. 2002, 4, 803. (b) Huang, J.; Xiong, H.; Hsung, R. P.;
Rameshkumar, C.; Mulder, J. A.; Grebe, T. P. Org. Lett. 2002, 4, 2417.
276 For other recent methods for synthesizing ynamides, see: (a) Rodriguez, D.; Castedo, L.; Sai, C.
Synlett 2004, 783. (b) Klein, M.; K6nig, B. Tetrahedron 2004, 60, 1087. (c) Marion, F.; Courillon, C;
Malacria, M. Org. Lett. 2003, 5, 5095.
277 Reviewed in: (a) Stang, P. J. In Modern Acetylene Chemistry; Stang, P. J., Diederich, F., Eds.; VCH:
Weinheim, 1995; pp 67-98. (b) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123. (c) Zhdankin, V.
V.; Stang, P. J. Tetrahedron 1998, 54, 10927. (d) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2002, 102,
2523.
278 Murch, P.; Williamson, B. L.; Stang, P. J. Synthesis 1994, 1255.
279 Feldman, K. S.; Bruendl, M. M.; Schildknegt, K.; Bohnstedt, A. C. J. Org. Chem. 1996, 61, 5440.
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by this route. In addition, Witulski and Rainier have expanded the scope of this reaction
to include the preparation of terminal, trimethylsilyl, and phenyl-substituted
ynamides.274 '280 Unfortunately, this method is not useful for accessing ynamides in which
the nitrogen is incorporated in a lactam,273a oxazolidinone,273a or acyclic carbamate.281 In
addition, the use of an iodonium salt can be very expensive.
eOTf
+ Z ®OTf
Ph
Z
R-N
EWG
452 453
I
R
N --- Z (142)
EWG
454
More recently, significant advances have been made in the transition metal-
mediated N-alkynylation of amides. Inspired by the work of Buchwald and Hartwig in
transition metal-mediated arylations of amines and amides,28 22 3 both the Danheiser and
Hsung laboratory have independently reported the first copper-mediated N-alkynylations
of amides.284 In 2003, Hsung and coworkers reported a route to ynamides utilizing
280 (a) Witulski, B.; Stengel, T. Angew. Chem., Int. Ed. Engl. 1998, 37, 489. (b) Rainier, J. D.; Imbriglio, J.
E. Org. Lett. 1999, 1, 2037. (c) Witulski, B.; G6ssmann, M. J. Chem. Soc., Chem. Commun. 1999, 1879.
(d) Rainier, J. D.; Imbriglio, J. E. J. Org. Chem. 2000, 65, 7272.
281 Dunetz, J. R.; Danheiser, R. L. Org. Lett. 2003, 5, 4011, footnote 13.
282 For reviews on transition metal-catalyzed N-arylations of amines and amides, see: (a) Hartwig, J. F.
Angew. Chem. Int. Ed. 1998, 37, 2046. (b) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, S. L. Acc.
Chem. Res. 1998, 31, 805. (c) Muci, A. R.; Buchwald, S. L. Top. Curr. Chem. 2002, 219, 131.
283 For recent references from the Buchwald laboratory employing Cu-mediated N-arylations, see: (a)
Klapars, A.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 7421. (b) Kwong, F. Y.; Klapars,
A.; Buchwald, S. L. Org. Lett. 2002, 4, 581.
284 For two early reports of the observation of copper-promoted formation of ynamines and ynamides from
reactions of amine derivatives with terminal alkynes, see: (a) Peterson, L. I. Tetrahedron Lett. 1968, 9,
5357. (b) Balsamo, A.; Macchia, B.; Macchia, F.; Rossello, A.; Domiano, P. Tetrahedron Lett. 1985, 26,
4141.
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catalytic CuCN and a diamine ligand to promote the amidation of 1-bromoalkynes.2 85
As shown in eq 143, chiral oxazolidinones (e.g., 455) were coupled with alkynyl
bromides to produce various ynamides (e.g., 457) in modest to good yield.
Unfortunately, these conditions are not very effective when applied to acyclic
carbamates, ureas, and sulfonamides. In addition, high temperatures are required to
affect the alkynylation, which can accelerate side reactions such as homocoupling of the
alkyne.
O O
5 mol% CuCN A PO,_ _10 mol% MeHN NHMe K Si(i-Pr)3
0 NH + Br - Si(i-Pr)3 N (143)
\ / 2 equiv K3PO4
;#5k PhMe, 110 °C ,,
Ph Ph
455 456 457
Our laboratory reported a mild alternative for the copper mediated N-alkynylation
of amide derivatives shortly afer Hsung's report.2 8' It was demonstrated that a variety of
alkynyl bromides, chlorides, and iodides smoothly couple with cyclic and acyclic
carbamates, ureas, and sulfonamides in the presence of CuI at room temperature. As
shown in equation 144, sulfonamide 458 is first converted to its copper derivative and
subsequently treated with alkynyl bromide 459 to produce ynamide 460 in good yield.
Formation of the copper derivative of the amide prior to addition of the alkynyl halide
was found to be essential for avoiding dimerization of the haloacetylene. Although this
method employs stoichiometric amounts of inexpensive CuI, additional ligands for the
copper are not necessary to promote the reaction which is carried out in a mixture of
285 Frederick, M. O.; Mulder, J. A.; Tracey, M. R.; Hsung, R. P.; Huang, J.; Kurtz, K. C. M.; Shen, L.;
Douglas, C. J. J. Am. Chem. Soc. 2003, 125, 2368.
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pyridine and THF. In addition, a number of ynamides not available via Hsung's route (in
particular, those derived from alkynes prone to homocoupling) can be synthesized using
these conditions.
1 equiv KHMDS, 1 equiv Cul Ph
Ph\ -H Npyr-THF, rt, 2 h; then add (144)
Ts 2 equiv Br - Ph N Ph
rt, 20h 459 Ts
458 78% 460
In 2004, Hsung reported improved conditions for the N-alkynylation of amides
using a copper sulfate-pentahydrate-l,10-phenanthroline catalyst system.286 Employment
of this catalyst system expanded the scope of the reaction to include acyclic carbamates,
sulfonamides, and heteroaromatic amides and amines (e.g., eq 145). The new protocol
suppresses the amount of homocoupling of the haloalkynes seen with Hsung's previous
method and employs milder conditions (although the reaction still requires elevated
reaction temperatures).
Hex H ~5-20 mol% CuSO4-H20 Hex
Hex , N_/H 10-40 mol% 1,10-phenanthroline \5-20 14
+ Br - Ph 2 N - Ph (145)
C02 e 2 equiv K3PO4
PhMe, 60-95 °C MeO2C
461 459 59% 462
These strategies provide access to a variety of ynamides via very simple and
practical routes. With efficient methods now available for producing ynamides, we
realized that it would be possible to investigate their potential as reaction partners in the
286 Zhang, Y.; Hsung, R. P.; Tracey, M. R.; Kurtz, K. C. M.; Vera, E. L. Org. Lett. 2004, 6, 1154.
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Danheiser benzannulation. Of particular interest was the possibility of employing
benzannulations involving ynamides to synthesize highly-substituted aniline derivatives
that would be suitable for subsequent cyclization reactions to form nitrogen heterocycles.
Tandem Ring-Forming Strategy for the Synthesis of Polycyclic Nitrogen
Heterocycles
Heterocyclic compounds2 87 are essential to life as they play a vital role in the
metabolism of all living cells. These compounds are widely distributed in nature, as half
of the known organic compounds have structures that incorporate at least one
heterocyclic component. The applications of synthetic heterocycles are widespread, and
include uses as pharmaceuticals, agrochemicals, and veterinary products. In addition,
heterocycles are often used as components in dyestuffs, copolymers, and other materials.
The use of nitrogen heterocyles in biological applications has been enormous due to the
crucial role of these compounds in biological systems.28 7 288 For this reason, the synthesis
of functionalized nitrogen heterocycles has long been an important area of research in
organic chemistry.
My research in this area has focused on a new "tandem ring-forming strategy" for
the synthesis of polycyclic nitrogen heterocycles. In this strategy, the benzannulation
reaction of ynamides is first employed to efficiently produce ortho-substituted anilines
that have been strategically designed to allow for their participation in a tandem second
287 For reviews, see: (a) Gilchrist, T. L. Heterocyclic Chemistry, 3 rd ed.; Addison Wesley Longman
Limited: Harlow, 1997. (b) Katritzky, A. R. Handbook of Heterocyclic Chemistry; Pergamon Press Ltd.:
Oxford, 1985.
288 Brown, E. G. Ring Nitrogen and Key Biomolecules; Kluwer Academic Publishers: Dordrecht, 1998.
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cyclization step to form a nitrogen heterocycle. For example, the general method to
access dihydroquinolines via this strategy is outlined in Scheme 34. The participation of
enynamide 465 in the benzannulation with cyclobutenones and diazo ketones should
result in anilines of the general type 466. This annulation product is suitably
funtionalized to undergo a proposed ring closing metathesis reaction that would produce
dihydroquinoline 467. Application of this tandem benzannulation/ring closing metathesis
strategy could also produce seven- and eight-membered ring nitrogen heterocycles,
including benzoazepine and benzoazocine derivatives. An additional important feature of
this tandem strategy is that it should provide an especially attractive route to libraries of
nitrogen heterocycles due to the ease in which ynamides can be prepared with different
substituents on the nitrogen and the alkynyl carbon.
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The usefulness of this tandem ynamide benzannulation/ring closing metathesis
approach could be demonstrated by its application to the total synthesis of a natural
product containing a polycyclic nitrogen heterocycle. For example, the strategy could
potentially be used to synthesize the anticancer agent, FR-900482 (468),28929 as
demonstrated in the retrosynthetic analysis shown in Scheme 35. Suitably functionalized
289 (a) Iwami, M.; Kiyoto, S.; Terano, H.; Kohsaka, M.; Aoki, H.; Imanaka, H. J. Antibiot. 1987, 40, 589.
(b) Kiyoto, S.; Shibata, T.; Yamashita, M.; Komori, T.; Okuhara, M.; Terano, H.; Kohsaka, M.; Aoki, H.;
Imanaka, H. J. Antibiot. 1997, 40, 594. (c) Uchida, I.; Takase, S.; Kayakiri, H.; Kiyoto, S.; Hashimoto, M.
J. Am. Chem. Soc. 1997, 109, 4108.
290 For recent reports of the synthesis of FR-900482, see: (a) Suzuki, M.; Kambe, M.; Tokuyama, H.;
Fukuyama, T. Angew. Chem., Int. Ed. Engl. 2002, 41, 4686. (b) Jude, T. C.; Williams, R. M. Angew.
Chem., Int. Ed. Engl. 2002, 41, 4683. (c) Fellows, I. M.; Kaelin, D. E., Jr.; Martin, S. F. J. Am. Chem. Soc.
2000, 122, 10781.
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benzoazocines (e.g., 469) have been successfully converted into 468.291 In addition, ring
closing metathesis reactions have been employed to synthesize benzoazacine 469 from
ortho-substituted anilines of type 470.29° c292 The benzannulation of a 3-substituted
cyclobutenone 472 with a properly substituted homoallyl ynamide 471 could efficiently
provide the requisite aniline 470. The use of the tandem ynamide benzannulation/ring
closing metathesis strategy to construct the benzoazocine core of FR-900482 would be
highly convergent compared to other routes that have relied on synthetic manipulations of
substituted benzenes.
291 Fukuyama, T.; Xu, L.; Goto, S. J. Am. Chem. Soc. 1992, 114, 383. See also: (b) Ducray, R.; Ciufolini,
M. A. Angew. Chem,. Int. Ed. Engl. 2002, 41, 4688.
292 (a) Martin, S. F.; Chen, H-J.; Courtney, A. K.; Liao, Y.; Pitzel, M.; Ramser, M. N.; Wagman, A. S.
Tetrahdron 1996, 52, 7251. (b) Martin, S. F.; Wagman, A. S. Tetrahedron Lett. 1995, 36, 1169. (c)
Miller, S. J.; Kim, S-H.; Chen, Z-R.; Grubbs, R. H. J. Am. Chem. Soc. 1995, 117, 2108.
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In addition to employing ring closing metathesis reactions as the second step in
the tandem ring-forming strategy, other cyclization processes can potentially be utilized
as well. For example, copper or palladium-mediated cyclizations of 2-alkynyl anilines
could be employed for the formation of indoles.2 3 As shown in Scheme 36, derivatives
of these anilines (e.g., 474) could be available via benzannulation reactions of
diynamides such as 473 with cyclobutenones and diazo ketones.
293 For reviews on the preparation of indoles, see: (a) Sundberg, R. J. Indoles; Acadmeic Press Limted:
London, 1996. (b) Gribble, G. W. J. Chem. Soc. Perkin Trans. 1 2000, 1045. (c) Li, J. J.; Gribble, G. W.
Palladium in Heterocyclic Chemistry; Elsevier Science Ltd.: Oxford, 2000; Chapter 3.
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As will be discussed in subsequent chapters of Part II of this thesis, the overall
goals of my research in the ynamide benzannulation project have included:
* Demonstrate the feasibility and optimize conditions for the application of
ynamides as the alkyne component in the benzannulation strategy.
· Synthesize highly-substituted benzannulation products equipped for cyclization
reactions to form nitrogen heterocycles, in particular dihydroquinolines,
dihydrobenzoazapines, dihydrobenzoazocines.
The following two chapters will discuss the details of this chemistry and the advances
that we have made in the ynamide benzannulation thus far.
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Chapter 2
Ynamide Benzannulation Strategy
To gain access to polycyclic nitrogen heterocycles via the proposed tandem ring-
forming strategy, it was first necessary to demonstrate the feasibility of the ynamide
! ...... l.i+; . . .;,. An .oIllOtA ;f rhlfit+Pr 1 rf PDart TT n-vrr-rn_ asntt ilfir
ULIIUlMuaLuII LLuII . rA UDU .I%,U 111 , itU.II JI ± a&L L 5VLA- au OLL i--
substituted acetylenes and ynamines have all been used successfully in [2+2]
cycloadditions with vinylketenes. We expected the reactivity of ynamides to be
somewhat less than that of ynamines, but similar to alkoxy- or siloxyacetylenes in the
benzannulation based on comparison of the electron-donating capabilities of amides
relative to amines and alkoxy groups. It was thus our hope that ynamides would prove to
have adequate reactivity for efficient cycloadditions with vinylketenes, but that their
reactions would not be complicated by the unusual side reactions that have been observed
with the more nucleophilic and reactive ynamines.
Feasibility of the Ynamide Benzannulation Reaction
3-Alkyl substituted cyclobutenones are particularly good substrates for
benzannulation reactions with oxygen-activated acetylenes.24 825 269c Upon exposure to
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light or heat, these cyclobutenones form aldoketenes, which smoothly react with methoxy
and triisopropylsiloxyacetylenes to form substituted phenols in high yields. Specifically,
we decided to use 3-butylcyclobutenone29 4 (437) as the vinylketene precursor to test the
feasibility of employing ynamides in the benzannulation reaction (Scheme 37): As the
ynamide component, we selected the carbamate derivative 476.
Scheme 37
We constructed alkyl ynamide 476 following the procedure for the N-alkynylation
of amides developed in the Danheiser laboratory.28' Methyl carbamate 478 was prepared
from methylamine and chloroformate as previously described by Pirkle.2 95 This
carbamate underwent alkynylation with l-bromooctyne29 6 (479) using our general
protocol (eq 146) to furnish the desired ynamide 476 in good yield.
294 3-Butylcyclobutenone was prepared via a two step method involving (1) a [2+2] cycloaddition
dichloroketene and (2) reductive chlorination with zinc as described by Danheiser, see: Danheiser, R. L.;
Savariar, S.; Cha, D. D. In Organic Syntheses; Wiley & Sons: New York, 1993; Collect. Vol. VIII, pp 82-
86.
295 Pirkle, W. H.; Simmons, K. A.; Boeder, C. W. J. Org. Chem. 1979, 44, 4891.
296 1-Bromooctyne was prepared by Josh Dunetz from the corresponding terminal alkyne using the method
of Hofmeister (AgNO3, NBS), see: Hofmeister, H.; Annen, K.; Laurent, H.; Wiechert, R. Angew. Chem.,
Int. Engl. 1984, 23, 727. I would like to thank Josh Dunetz for supplying enough of this compound to
conduct these feasibility studies.
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Hex
1 equiv KHMDS, 1 equiv Cul
Mez02CNMe pyr, rt, 2 h; then add (146)
H 2 equiv Br -- Hex
rt, 24 h 479 
MeO2C/ NMe
57%
478 476 
With ynamide 476 in hand, we were eager to investigate whether this nitrogen-
activated alkyne would participate in the benzannulation reaction. From previous studies
in our laboratory, we knew that it was necessary to heat 3-substituted cyclobutenones to
ca. 80 C to effect the electrocyclic cleavage that generates the corresponding vinylketene
(see Part II, Chapter 1). In addition, it was well known from our prior work that this
specific cyclobutenone (437) and other 3-alkyl cyclobutenones participate in
benzannulation reactions with alkoxy-substituted acetylenes at this temperature. We
therefore initially performed the reaction by heating a 1 M solution of 1 equivalent of 437
and 1 equivalent of 476 at 80 C in benzene. After 24 h, we observed full consumption
of cyclobutenone 437, and the formation of what appeared to be the desired phenol 477,
contaminated, however, with other aromatic compounds. We were not alarmed by this
finding, as we were well aware that thermal benzannulations of this type sometimes yield
mixtures of the desired product and small amounts of ester byproducts (e.g., 480) formed
by the reaction of the phenolic product with the vinylketene.248 Exposure of these
mixtures to aqueous bases (such as potassium hydroxide or potassium carbonate)
saponifies the ester byproduct converting it to the desired phenol (Scheme 38).
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The following procedure was therefore carried out to ensure that all of the
benzannulation products were converted to the desired phenol 477. After heating in
benzene, the reaction mixture was concentrated, and then the crude residue was taken up
in a 1:1 mixture of 5 M aqueous KOH and MeOH to hydrolyze the ester byproducts. The
resulting mixture was heated at reflux overnight and then allowed to cool to room
temperature. 10% Aqueous HCl was next added,297 and workup and purification by
column chromatography gave the desired phenol 477 in good overall yield (eq 147).
297 To protonate the phenoxide salt and destroy any remaining ynamide, conveniently simplifying
purification via column chromatography.
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Scheme 38
Bu
+
Hex
II'
MeO2CN Me
476437
PhH
80 °C, 24 h Base
r
Hex OHex
0
I A +I|~ ~Bu
PhH (1.0 M) Hex
80 °C, 24 h; then
0- l(147)
5 M KOH, MeOH " me
reflux, 18 h Bu NINC(OMn_4~7 69%437 476 477
The structure of 477 was determined by analysis of the 'H and 13C NMR, IR, and
high resolution mass spectrum. The chemical shifts for the alkyl protons that are a to the
aromatic ring, and the aryl and hydroxyl protons are similar to those of ynamine
benzannulation products 433 and 438. In addition, NOE experiments confirmed the
regiochemistry of the cycloaddition. Irradiation of the N-methyl protons results in a
negative enhancement of H' and irradiation of the benylic methylene of the butyl group
results in a negative enhancement of H' and H2 (shown below).
nOe
ca. 1
Hex
NCO2Me
CH3
ca.2.7°
ca. 1.7%
477
We were extremely pleased with these initial results; however, it was necessary to
conduct additional experiments to gain more information about the reaction. We found
that while cyclobutenone 437 is completely consumed after 17-24 h, a small amount of
ynamide 476 remains. We therefore decided to perform the reaction using excess
cyclobutenone 437 to determine whether this would affect the outcome of the reaction.
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The benzannulation of ynamide 476 with 1.2 equivalents of cyclobutenone 437 resulted
in similar yield of phenol 477 (eq 148).
PhH (1.0 M)
80 °C, 20 h; then
5- M KOH, MeOH
reflux, 24h
66%
OH
Hex
Bu NMe
I
CO2 Me
477
In addition, we performed the reaction of cyclobutenone 437 with ynamide 476 at
room temperature in benzene to explore whether the unusual side reactions observed by
Ficini might occur under these conditions (eq 149). However, we did not observe any
formation of abnormal byproducts when the reactants were stirred in benzene at 25 °C for
48 h and only a small amount of decomposition of cyclobutenone 437 was observed to
occur.
0
Bu
437
+
Hex
I I
Me 2C/ Me
PhH (1.0 M)
rt, 48 h
------------------------------ 
NO
REACTION (149)
476
We attempted to optimize the hydrolysis of 480 by exploring additional
conditions. It was found that heating the mixture of phenol 477 and the isomeric ester
derivatives 480 in a 1:1 mixture of 5 M aqueous KOH and MeOH at reflux (as shown in
eq 147 and 148) was necessary, as efficient saponification did not occur at room
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(1.2 equiv)
437
Hex
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Me 2C /N Me
476 
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temperature. We also explored the use of K2CO3 in MeOH as a mild alternative for the
hydrolysis of 480. However, after 3 h at room temperature only ca. 75% of the ester was
found to hydrolyze using this weaker base.
In addition to investigating the benzannulation of cyclobutenone 437 and ynamide
476 under thermal conditions, we also investigated the photochemical version of this
reaction. It has previously been found in our laboratory that this method of promoting
the reaction works well with 3-substituted cyclobutenones.2 5 In general, the reactions
were performed using 1.5 to 2.0 equivalents of the acetylene in toluene for 2-4 days. We
were pleased to see that application of these general photochemical conditions to the
ynamide benzannulation was successful (eq 150). Specifically, irradiation of
cyclobutenone 437 and ynamide 476 at 254 nm in a Rayonet reactor for only 14 h leads
to the desired phenol 477 in good yield. In addition, there was no formation of the ester
byproduct 480 under these conditions and therefore no additional saponification
procedure is required.
Hex OHOHO~ | hv (254 nm) Hex
PhMe (0.5 M), 14 h 
+ ~ (150)
Bu N 66% Bu N
MeO2C N Me C2Me
(1.5 equiv)
437 476 477
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Recently, microwave-enhanced reactions298 have gained acceptance and
popularity in organic chemistry, and we therefore were interested in the possibility of
conducting the benzannulation using this technique. It has often been observed that
microwave reactions can be faster, cleaner, and sometimes result in higher yields.
Therefore, we thought utilization of this process could advantageously affect the outcome
of the benzannulation reaction. Microwave irradiation of a solution of 1 equivalent of
cyclobutenone 437 and 1 equivalent of ynamide 4762993oo f r 30 min results in a clean
reaction that only requires simple purification to cleanly produce phenol 477 in good
yield (eq 151).
OHHex OH
+ H ~PhH (1 M), 30 mine (151)
Bu M N 74% Bu N
Me02C Me C2e
437 476 477
At this point, we had gained a significant amount of information about the
reaction of ynamides with 3-substituted cyclobutenones. We decided to turn our
attention to using this reaction to synthesize annulation products strategically substituted
to allow for subsequent cyclization reactions to generate a nitrogen heterocycle.
Specifically, we decided to begin these studies by synthesizing substrates for ring closing
metathesis reactions.
298 (a) Hayes, B. L. Microwave Synthesis; CEM Publishing: U.S.A.; 2002. (b) de la Hoz, A.; Diaz-Ortis,
A.; Moreno, A.; Langa, F. Eur. J. Org. Chem. 2000, 3659.
299 The reaction was conducted in a sealed vessel using a CEM "Discover" microwave reactor under the
following conditions: 70-90 W, 130 °C, 40 psi, 30 min.
300 I would like to thank the Swager laboratory for allowing me to use their microwave reactor for these
studies.
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Scope of the Ynamide Benzannulation: Synthesis of RCM Substrates
Scheme 39 outlines our strategy for the synthesis of polycyclic nitrogen
heterocycles via the proposed tandem ynamide benzannulation ring closing metathesis
sequence. This version of our proposed strategy employs cyclobutenones as the
vinylketene precursors; an alternative and complementary approach would utilize diazo
ketones instead (vide infra). For simplicity, the substitutents on the alkyne carbon and
nitrogen are unbranched, but we expected this strategy to be applicable to more
elaborately substituted systems as well. Our initial goal thus became to prepare ynamide
test substrates of the type 482, 484, and 486. As the ynamide derivatives, we initially
focused our attention on carbamate derivatives, since these are well established as
nitrogen protecting groups and since they are easily prepared by our recently developed
N-alkynylation protocol.
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Synthesis of Ynamide Annulation Components
The syntheses of ynamides of type 483, 486, and 489 can be achieved using the
procedure developed in our laboratory employing the N-alkynylation of carbamates.
Enynamide 492 was specifically chosen as the precursor to 2-vinyl-substituted anilines of
type 482. Treatment of allyl carbamate 4903°0 with KHMDS and CuI followed by
301 Carbamate 490 was prepared by Tammy Lam in 90-100% yield by the reaction of allylamine with
methyl chloroformate in methylene chloride at room temperature according to the procedure of Kozmin:
Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H. J. Am. Chem. Soc. 2002, 124, 4628. I would like to
thank Tammy Lam for providing a sufficient amount of this compound to study this reaction.
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addition of alkynyl bromide 491302 according to our standard protocol furnished
enynamide 492 in 37% yield after purification by column chromatography (eq 152).
H3C
1 equiv KHMDS, 1 equiv Cul
MeO 2CII pyr, rt, 2 h; then add (152)N1 : (152)
H 2 equiv HCl
--- Br
rt, 24 h 491 OC491 MeO2C/Nxv'
490 37% 492
In addition, an allyl ynamide of type 486 was needed to investigate
benzannulations leading to aniline derivatives of type 485. To access this type of
ynamide using the N-alkynylation strategy, it would be neccessary to synthesize the allyl-
substituted alkynyl bromide 494. Alkynyl bromides are often prepared from the
corresponding terminal acetylenes using silver nitrate and NBS.30 2 However, in cases
where highly-volatile terminal alkynes are required for these reactions, the more easily
handled trimethylsilylacetylene derivatives can be employed as starting materials.303 We
applied this alternative method to the synthesis of allyl-substituted alkynyl bromide 494.
The corresponding trimethylsilylalkyne 4933°4 was treated with silver nitrate and NBS in
acetone at room temperature (eq 153). Unfortunately, this reaction led to a mixture of the
desired bromo acetylene, starting material, and an unidentified silyl byproduct. Xiao Yin
Mak, a first year student in our laboratory, has investigated the use of water as an additive
302 Alkynyl bromide 491 was prepared by Josh Dunetz from the corresponding alkyne, AgNO3, and NBS
according to the procedure of Hofmeister and co-workers: Hofmeister, H.; Annen, K.; Laurent, H.;
Wiechert, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 727. I would like to thank Josh Dunetz for supplying
a sufficient amount of this compound to study this reaction.
303 For a general procedure of synthesizing halo acetylenes from trimethylsilylacetylenes using silver nitrate
and either NBS or NIS, see: Nishikawa, T.; Shibuya, S.; Hosokawa, S.; Isobe, M. Synlett 1994, 485.
304 Shapiro, E. A.; Kalinin, A. V.; Platonov, D. N.; Nefedov, O. M. Izv. Akad. Nauk, Ser. Khim. 1993,
1248.
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in this transformation, as there are prior reports that water can promote reactions of this
type.305 Xiao Yin has found that adding two equivalents of water to the reaction mixture
does cause the reaction to go to completion; however, the alkynyl bromide 494 is not
obtained cleanly, as its volatility prevents the complete removal of pentane, the solvent
used for the work up and an unidentified silyl byproduct.306 Currently, Xiao Yin Mak is
working on optimizing this procedure.
0.2 equiv AgNO3
1.1 equiv NBS
SiMe3 (2 equiv H20) Br/ o / ( 3)
acetone, rt (153)
22h
493 494
Coupling allyl bromide 494 with carbamate 490 was expected to lead to ynamide
495. Carbamate 490 was treated with KHMDS and CuI, followed by alkynyl bromide
494 to produce the desired allyl ynamide 495 in modest yield based on 490 (eq 154).
Further work on the optimization of the synthesis of this ynamide is ongoing in our
laboratory.
305 Shen, R.; Lin, C. T.; Bowman, E. J.; Bowman, B. J.; Porco, J. A., Jr. J. Am. Chem. Soc. 2003, 125,
7889.
306 Samples of alkynyl bromide 494 of varying purity have been used in subsequent reactions to form
ynamides. The majority of experiments employed alkynyl bromide 494 slightly contaminated with pentane
and the unidentified silyl byproduct (prepared by Xiao Yin Mak using water as an additive). I would like
to thank Xiao Yin Mak for supporting these studies.
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Finally, ynamide 498 was chosen as a precursor to anilines of type 488.
Homoallyl carbamate 497 was synthesized via a Curtius rearrangement of pentenoic acid
(496) using diphenylphosphorylazide (DPPA) and triethylamine, although in low yield
(Scheme 40).307 Nonetheless, this carbamate could then be alkynylated with bromo
acetylene 494 using the standard protocol to form the desired ynamide 498.
Scheme 40
1. DPPA, Et3N
PhMe, 80 °C, 2 h
2. MeOH, 50 °C, 16 h
31%
-N) OMe
H
497
I
1 equiv KHMDS, 1 equiv Cul
pyr, rt, 2 h; then add
2 equiv Br --
rt, 24 h 494
43%
MeO2C'N498
498
307 This procedure was adapted from a method of Capson and Poulter, see: Capson, T. L.; Poulter, C. D.
Tetrahedron Lett. 1984, 25, 3515.
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Benzannulation of Ynamides with 3-Substituted Cyclobutenones
With ynamides 492, 495, and 498 in hand, we were eager to investigate the
application of the ynamide benzannulation to these compounds. It will be noted that each
of these ynamides incorporates a carbon-carbon double bond, a feature that was not
present in the ynamide 476 used in our initial feasibility study. Although we expected
that the critical [2+2] cycloaddition of the vinylketenes would occur chemoselectively at
the more electron-rich ynamide -bond and not at the alkene, this was obviously an issue
that required investigation, especially in the case of the conjugated enynamide 492.
We initially examined the reactions of 492 and 495 with 3-butylcyclobutenone
437. Following the procedure optimized for the thermal benzannulation of ynamide 476,
we heated 1 equivalent of cyclobutenone 437 with 1 equivalent of ynamide 492 in
benzene at 80 C. This procedure resulted in the formation of vinyl-substituted aniline
499 in 48% yield. By using a small excess of cyclobutenone 437, a significant
improvement in the yield was realized (eq 155). No evidence was observed for any
competing addition of the vinylketene intermediate at the carbon-carbon double bond of
the enynamide.
1.0 equiv 437 48%
437 492 1.2 equiv 437 58% 499
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We next studied the ability of ynamide 495 to participate in the benzannulation
reaction. Reaction of 3-butylcyclobutenone with allyl ynamide 495 under the standard
reaction conditions produced the allyl-substituted aniline 500. When performed on small
scale, the reaction produced aniline 500 in 90% yield. However, the yield of 500 varied
when the benzannulation was conducted on a larger scale (eq 156).
OH
o /PhH (1.0 M)
80 °C, 20 h; then
5 M KOH, MeOH N (156)
Bu reflux, 20 h Bu
(1.2 equiv) Me0CO 2Me
74-90%
437 495 500
As we did not encounter significant difficulties with these ynamide
benzannulation reactions, we were hopeful that ynamides of various other types could
participate in thermal benzannulations with 3-substituted cyclobutenones. We decided to
next investigate the benzannulations of ynamides with 2-substituted cyclobutenones,
since electrocyclic ring openings of these derivatives produce ketoketenes rather than the
aldoketenes involved in the benzannulations we had studied thus far.
Benzannulation of Ynamides with 2,3-Disubstituted Cyclobutenones
We selected allyl ynamide 495 as the alkyne component to test the feasibility of
employing 2,3-disubstituted cyclobutenones in the benzannulation reaction. This
ynamide had been shown to be a reactive partner in the benzannulation with 3-
butylcyclobutenone, and its use in the reaction with a disubstituted cyclobutenone would
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lead to a pentasubstituted aromatic amine that could be used as a RCM substrate in the
second step of our tandem strategy.
In general, benzannulations that involve 2,3-disubsituted cyclobutenones require
higher temperatures than 3-substituted cyclobutenones.24 8'269c Specifically, temperatures
of 120-140 °C are required to effect the reaction. This may be a consequence of a higher
activation barrier for the reversible electrocyclic ring opening step, but undoubtedly the
fact that ketoketenes are involved in these cases is also significant. As mentioned
previously, the reactivity of ketoketenes in [2+2] cycloadditions is significantly lower
than that of aldoketenes. Also noteworthy was the observation that improvements were
sometimes seen in these benzannulations when chloroform was employed as solvent.
With these previous results in mind, we began the investigation of the benzannulation
reaction of cyclobutenone 50138 with ynamide 495.
In the hopes to employ relatively mild reaction conditions and avoid the necessity
of using sealed tubes, we first attempted the reaction by heating the reactants in refluxing
toluene for 16 h. Unfortunately, under these conditions we did not observe any formation
of the desired aniline 502. We hypothesized that the [2+2] cycloaddition of the ynamide
with the ketoketene formed from cyclobutenone 501 was not occurring at this
temperature. In order to promote the cycloaddition, the reaction was performed at higher
temperatures (125 C) in both benzene and chloroform. However, this only led to
significant levels of decomposition of ynamide 495. In addition, complete decomposition
of the ynamide was observed at 135 °C in benzene after 18 h. Using various microwave-
assisted conditions did not improve the outcome of this reaction (eq 157).
308 2-Methyl-3-methoxycyclobutenone was prepared from the reaction of excess ketene (generated by the
pyrolysis of acetone over hot wire by the method of Williams and Hurd, see Williams, J. W.; Hurd, C. D.
J. Org. Chem. 1940, 5, 122.
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Clearly, the stability of ynamide 495 at higher temperatures was of concern, and
as we expected, heating ynamide 495 alone in benzene at 135 C for 18 h resulted in
significant decomposition of the substrate. Although, no decomposition products could
be isolated and characterized, we believe that this ynamide undergoes a [3,3]-sigmatropic
rearrangement to form the. highly-reactive ketenimine 503 which subsequently
decomposes (eq 158). This behavior would be similar to that observed with allyl-l-
alkynyl thioethers, which are very unstable due to their tendency to polymerize after
rearrangement analogous to that shown in eq 158.3
(158)
495 503
Unfortunately, photochemical benzannulations have not been useful for the
reaction of acetylenes with 2,3-disubstituted cyclobutenones.255 We found this to be true
309 (a) Brandsma, L.; Ros, H. J. T.; Arens, J. F. In Chemistry ofAcetylenes; Viehe, H. G., Ed.; Marcel
Dekker, Inc.: New York, 1969. (b) Viola, A.; Collins, J. J.; Fillip, N. Tetrahedron 1981, 37, 3765.
223
I
w
for the reaction of cyclobutenone 501 with ynamide 495 as well. Irradiation of 501 and
ynamide 495 in toluene at room temperature for 36 h led only to slight decomposition of
the cyclobutenone 501 (eq 159).
II
q..Me . h (. M)
hv (254 nm)
+O~b I I PhMe (0.3 M)
.. N
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We decided that ynamide 498, the substrate chosen to access the ortho-substituted
aniline of type 488, would be a more suitable substrate for the high temperature
benzannulation reaction with 2,3-disubstituted cyclobutenones since it should not be
subject to [3,3] sigmatropic rearrangement. The reaction of this ynamide with 1.2
equivalents of 2,3-disubstituted cyclobutenone 501 was initially performed in benzene at
135 C in a sealed tube. After 22 h, complete consumption of cyclobutenone 501 was
observed, while a significant amount of ynamide 498 remained. The formation of 504
had occurred in 45% yield. The reaction was repeated utilizing a larger excess of
cyclobutenone and at a slightly lower temperature. This modified procedure resulted in
formation of the desired aniline 504 in 52% yield (eq 160).
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Xiao Yin Mak is currently investigating this reaction to determine optimal
conditions. We expect that variations in the reaction conditions may lead to a significant
improvement in the yield of aniline 504. In addition to optimizing the synthesis of this
compound, Xiao Yin Mak plans to investigate the feasibility and scope of a second
generation ynamide benzannulation strategy which employs the use of diazo ketones as
vinylketene precursors. She then hopes to develop a tandem ring forming strategy using
this version of the benzannulation in combination with ring closing metathesis reactions.
At this point, we had demonstrated the feasibility of using ynamides as the
acetylenic component in the benzannulation reaction. We found that these nitrogen-
activated acetylenes react with both aldoketenes and ketoketenes generated from the
corresponding 3-substituted and 2,3-disubstituted cyclobutenones, respectively. In
addition, we have accessed highly-substituted aniline derivatives utilizing the ynamide
benzannulation reaction, leading to diverse types of nitrogen heterocycles. Our
investigation of this next step in our tandem strategy is the subject of the next chapter.
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Chapter 3
Synthesis of Polycyclic Nitrogen Heterocycles
Our studies to date on the scope of the benzannulation of ynamides with
cyclobutenones was described in Chapter 2. The reaction was shown to be useful for
synthesizing ortho-substituted anilines that are suitably functionalized to participate in a
second cyclization step leading to a nitrogen heterocycle. Specifically, substrates for ring
closing metathesis reactions were produced via this efficient and convergent route to
highly-substituted aromatic systems. As shown in Scheme 39, dihydroquinolines (481),
benzoazepines (484), and benzoazocines (487) were expected to be available upon ring
closing metathesis of these aniline derivatives. The utility of the proposed tandem ring-
forming strategy would be demonstrated by completing the synthesis of these polycyclic
nitrogen heterocycles via the ring closing metatheses of the ynamide benzannulation
products. This chapter will first briefly discuss ring closing metathesis reactions, in
particular those that have been used to synthesize benzofused nitrogen heterocycles. In
-addition, our efforts to synthesize polycyclic nitrogen heterocycles, including
dihydroquinolines, benzoazepines, and benzoazocines will be described.
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Synthesis of Benzofused N-Heterocycles via Ring Closing Metathesis Reactions
Olefin metathesis has grown to become one of the most popular cyclization
methods for ring formation, and with the advent of well-defined catalyst systems this
rtacLUo1n as rounu Wluespreaua use in syInetLULc organic cneImlsEry. m r-ctImL years, nng
closing metathesis (RCM) has come to be known as a highly successful and versatile
means of accessing cyclic molecules. The availability of catalysts with exceptionally
high turnover performance and functional group tolerance has made RCM an attractive
method for generating various ring systems. Particularly attractive is its ability to build
nitrogen heterocycles from acyclic precursors.1 In fact, ring closing metathesis reactions
have been used to synthesize benzofused cyclic amines, lactams, cyclic peptides, and
azasugars.
Mechanism of the Ring Closing Metathesis Reaction
A simplified version of the proposed mechanism of ring closing metathesis
reactions is shown below in Scheme 41."2 The catalytic cycle is initiated with
coordination of olefin 505 to the ruthenium catalyst 511, followed by a [2+2]
cycloaddition to generate metallacyclobutane 506. The metallocycle then undergoes a
r2+21 cvcloreversion. forming a new substituted metal alkvlidene 508 and simultaneously
31 0 For recent reviews, see: (a) Handbook ofMetathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003.
(b) Phillips, A. J.; Abell, A. D. Aldrichimica Acta 1999, 32, 75. (c) Vernall, A. J.; Abell, A. D.
Aldrichimica Acta 2003, 36, 93.
311 For reviews RCM of nitrogen-containing compounds, see: (a) Han, S-Y.; Chang, S. In Handbook of
Metathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003; Vol. 2, pp 5-127. (b) ref310b
312 For discussions of the mechanism of olefin metathesis, see: (a) Sanford, M. S.; Love, J. A. In Handbook
ofMetathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003; Vol. 1, pp 112-131. (b) Sanford, M. S.;
Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 6543. (c) Dias, E. L.; Nguyen, S. T.; Grubbs, R.
H. J. Am. Chem. Soc., 1997, 119, 3887.
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expelling ethylene (507). Alkylidene 508 then reacts in an intramolecular fashion with
another alkene to form a second metallacyclobutane (509). Finally, retro [2+2] of 509
generates the desired cyclic alkene 510 and regenerates catalyst 511. The loss of
ethylehe in this catalytic process causes a gain in entropy which is the driving force of the
reaction.
Scheme 41
m
505
510
LnM=CH2
511
m
MLn
506
MLn
509
H2 C=CH 2
507
/ MLn
508
Catalysts for RCM Reactions
There are two main types of catalyst used in ring closing metathesis reactions: the
molybdenum-based complexes developed by Schrock and coworkers, and the ruthenium-
based complexes that have primarily been developed by Grubbs and coworkers. Some of
these catalysts are shown below. Although Schrock's catalyst 512 is highly reactive, it
has the major disadvantage of being particularly expensive and air- and moisture-
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sensitive.' Grubbs' first generation catalyst 513 is very tolerant of air and moisture and
displays excellent functional group tolerance.314 While the first generation Grubbs'
catalyst 513 is less reactive than molybdenum-based catalyst 512, a new class of
ruthenium catalysts (e.g., 514) has shown increased activity with no loss stability.' The
stability of these "second generation" catalysts has been attributed to the increased steric
bulk of the carbene ligand. Recently, Hoveyda and coworkers reported the use of catalyst
515 in various metathesis reactions.' This catalyst has the advantage of being stable to
silica gel chromatography, thus allowing it to be recovered from the reaction and
recycled. Due to their high catalytic activity and compatibility with amides and some
amines, catalysts 512-515 are suitable for effecting ring closing metathesis of nitrogen-
containing systems. Catalysts 513 and 514 are particularly tolerant of amides and amines
and have been used frequently in RCM reactions.
_ I
FaGt; OCF 3
F3C > <CF 3
512 513 514 515
3 13 (a) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O'Regan, M. J. Am. Chem.
Soc. 1990, 112, 3875. (b) Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.;
O'Regan, M. B.; Thomas, J. K.; Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378. (c) Bazan, G. C.;
Oskam, J. H.; Cho, H-N.; Park, L. Y. J. Am. Chem. Soc. 1991, 113, 6899.
314 Schwab, P.; France, M. B.; Ziller, J. W.; Grubbs, R. H. Angew. Chem., Int. Ed. Engl. 1995, 34, 2039.
315 Scholl, M.; Ding, S.; Lee, C. C. W..; Grubbs, R. H. Org. Lett. 1999, 1,953.
316 (a) Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. J., Jr.; Hoyveda, A. H. J. Am. Chem. Soc. 1999,
121, 791. (b) Hoveyda, A. H.; Gillingham, D. G.; Van Veldhuizen, J. J.; Kataoka, O.; Garber, S. B.;
Kingsbury, J. S.; Harrity, J. P. A. Org. Biomol. Chem. 2004, 2, 8.
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Synthesis of Benzofused Nitrogen Heterocycles via Ring Closing Metathesis
Ring closing metathesis reactions were first demonstrated to produce nitrogen
containing compounds by Grubbs and coworkers.317 Along with examining the
compatibility of molybdenum and ruthenium-based catalysts with nitrogen functional
groups, these researchers demonstrated that five-, six-, and seven-membered rings could
be synthesized using RCM. As described earlier, ring closing metathesis reactions have
also been used to synthesize a variety of polycyclic nitrogen heterocycles, including
benzofused cyclic amines. In general, the reaction is capable of producing indoles,318
dihydroquinolines,31 9 and benzoazepines.3 9 Benzoazocines, although more difficult to
access via metathesis chemistry, have been synthesized as well.29 c' 292,319a
A particularly relevant report by Nakagawa and coworkers describes the synthesis
of various-sized benzofused nitrogen heterocycles from ortho-substituted aniline
derivatives in excellent yields.3 '1 9a 2-Isopropenyl anilines (e.g., 516), the requisite
precursor to dihydroquinolines, were synthesized via a six-step sequence from anthranilic
acid derivatives and were then treated with Grubbs' catalyst 513 to form the six-
membered nitrogen heterocycle (eq 161). In addition, the reaction was examined with
substrates bearing various other nitrogen protecting groups including benzyl, acetyl, and
tert-butoxycarbonyl. While benzyl-protected amines were suitable N-protecting groups
for aniline substrates in RCM reactions employing catalyst 513, acetyl- and Boc-
protected amines required the use of the second generation catalyst 514.
317 (a) Fu, G. C.; Grubbs, R. H. J. Am. Chem. 1992, 114, 5426. (b) Fu, G. C.; Grubbs, R. H. J. Am. Chem.
Soc. 1992, 114, 7324. (c) Fu, G. C.; Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1993, 115, 9856.
318 Arisawa, M.; Terada, Y.; Nakagawa, M.; Nishida, A. Angew. Chem., Int. Ed Engl.. 2002, 41, 4732.
319 (a) Arisawa, M.; Theeraladanon, C.; Nishida, A.; Nakagawa, M. Tetrahedron Lett. 2001, 42, 8029. (b)
van Otterlo, W. A. L.; Pathak, R.; de Koning, C. B. Synlett 2003, 1859.
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5 mol% 513
CH2CI 2 (0.01 M)
50 °C, h
74-98%
(161)
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517
In addition, Nakagawa and coworkers have reported the synthesis of
benazoazepine 519 and benzoazocine 521 from the isopropenyl anilines 518 and 520,
respectively (eq 162 and 163). Interestingly, when anilines 518 and 520 were subjected
to reaction using the first generation Grubbs' catalyst 513, dimeric products resulted via
cross metathesis of the mono-substituted olefin. In contrast, the desired cyclic systems
were formed through the use of second generation Grubbs' catalyst 514 in excellent
yields.
5 mol% 514
CH2CI2 (0.01 M)
50 C, 1 h
100%
(162)
T519
519
KN
Ts
520
5 mol% 514
CH2CI 2 (0.01 M)
50 °C, 1 h
99%
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Synthesis of Polycyclic Nitrogen Heterocycles via RCM of Ynamide Benzannulation
Products.
Ring closing metathesis reactions have been shown to be extremely powerful and
versatile methods for the synthesis of polycyclic nitrogen heterocycles. In fact, the
reaction has been used to efficiently form benzofused nitrogen heterocycles, a
transformation that was of particular relevance to our studies. With this support, we were
confident that ring closing metathesis reactions of the ortho-substituted anilines that we
had synthesized via the ynamide benzannulation would be effective.
As hoped, our ring closing metathesis studies met with great success. Exposure
of a dilute solution of aniline 499 in refluxing methylene chloride to Grubbs' second
generation catalyst 514 led to the formation of dihydroquinoline 522 in excellent yield
(eq 164). Likewise, treatment of aniline 500 with catalyst 514 produced
dihydrobenzoazapine 523, also in good yield (eq 165). We were pleased to see that
Grubbs' catalyst 514 was compatible with both the amide functionality as well as the
unprotected hydroxyl group. Efforts to optimize these reactions were not performed,
although we suspect that the reaction time could be reduced.
OH CH3 OH CH3
,¢N < ~5 mol% 514
(164)
CH2 CI 2 (0.003 M)Bu N 50 C, 14 h BuN
CO2 Me CO 2 Me95%
499 522
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In addition, we attempted the ring closing metathesis of aniline 504 in hopes of
synthesizing dihydrobenzoazocine 524. Treatment of aniline 504 with catalyst 514 led to
an interesting result (eq 166). An inseparable mixture of what appeared to be the desired
azocine 524 and a compound with a similar proton and carbon NMR spectra was isolated.
GCMS analysis of this mixture revealed a 60:40 mixture of the presumed benzoazocine
524 and the unidentified compound. Although both compounds had the same mass, the
fragmentation pattern was significantly different.
OH
Me COMe
504
5 rol% 514
CH2CI2 (0.003 M)
50 C, 12 h
78%
OH
Me C02M
524
At this point, we suspected that the unidentified compound might be a
thermodynamically favored isomer of 524, specifically one in which the double bond of
the azocine had isomerized into conjugation with the benzene ring (525, shown below).
If this was the case, then the vinyl proton a to the benzene ring of this isomeric product
(H6') would have a significantly different chemical shift and splitting pattern as compared
to the other vinyl protons of both 524 (H4 and H5) and 525 (H5 '). Specifically, one would
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3:2 525
expect to see a doublet corresponding to H6' in the vinyl region of the proton NMR.
Indeed, the proton NMR spectra of the mixture revealed doublets at 6.18 and 6.38 ppm.
The appearance of two doublets was confirmed to be a result of rotamers of 525 by
variable temperature NMR experiments and these signals correspond to proton H6'.320
OH H5H. r H4
Me CO2Me ·
524
Har
HO H6' H5
MeO N
Me CO2Me
525
H& (rotamer)
E
(
rum
H6 '
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, I
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H6 '
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320 VT NMR experiments were conducted in CDC13 using a Varian Inova 500 (500 MHz) spectrometer.
Partial coalescence of these two peaks is observed at 55 °C at 6.17 ppm.
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The possibility that compound 525 might form under RCM conditions is
supported by the finding that in situ olefin isomerizations of RCM precursors21 and
products3 22 by the ruthenium metathesis catalyst or their byproducts have been
demonstrated and in some cases exploited in reactions of allylamines and ethers.3 18' 3 2 3 24
Interestingly, commercially available, unpurified ruthenium alkylidenes have been shown
to effect the isomerization reaction, while purified alkylidenes possess only metathesis
activity.322 b The ruthenium species derived from the Grubbs' catalyst responsible for
these isomerizations has not been definitively identified, however, a ruthenium hydride
species is suspected to be involved.32 5
We were confident that the formation of 525 was due to isomerization of the
desired product induced by the Grubbs' catalyst 514 or a species derived from its
decomposition. We expected that a shorter reaction time would limit the amount of
isomerization if it was occurring after the ring closing metathesis step. In fact, Xiao Yin
Mak has recently shown that the reaction is complete after 45 min, and under these
conditions only the desired benzoazocine 524 forms in good yield. Xiao Yin is
continuing investigations of this reaction and plans to apply ring closing metathesis
reactions to the synthesis of several other polycyclic nitrogen heterocycles.
321 (a) Fiirstner, A.; Thiel, O. R.; Ackermann, L.; Schanz, H-J.; Nolan, S. P. J. Org. Chem. 2000, 65, 2204.
(b) Hoye, T. R.; Zhao, H. Org. Lett. 1999, 1, 1123.
322 (a) Schmidt, B. Eur. J. Org. Chem. 2003, 816. (b) Sutton, A. E.; Seigal, B. A.; Finnegan, D. F.;
Snapper, M. L. J. Am. Chem. Soc. 2002, 124, 13390.
323 Cadot, C.; Dalko, P. I.; Cossy, J. Tetrahedron Lett. 2002, 43, 1839. (b) Alcaide, B.; Almendros, P.;
Alonso, J. M.; Aly, M. F. Org. Lett. 2001, 3, 3781. (c) Hu, Y-J.; Dominique, R.; Das, S. K.; Roy, R. Can.
J. Chem. 2000, 78, 838.
324 For an overview of non-metathetic behavior of Grubbs' carbene, see: Alcaide, B.; Almendros, P.
Chem. Eur. J. 2003, 9, 1258.
325 It has been shown that RuClH(CO)(PPh3) 3 is capable of isomerization ring closing metathesis substrates,
see: (a) reference 318. (b) van Otterlo, W. A. L.;Ngidi, E. L.; deKoning, C. B. Tetrahedron Lett. 2003,
44, 6483.
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Conclusions
In summary, we have developed a tandem ring forming strategy for the synthesis
of polycyclic nitrogen heterocycles. The strategy employs a novel benzannulation
reaction of substituted cyclobutenones with ynamides, which are synthesized via the
strategy for the N-alkynylation of amides strategy developed in the Danheiser laboratory.
The products of these benzannulation reactions, highly-substituted anilines, can then
participate in ring closing metathesis reactions to form various nitrogen heterocycles. In
particular dihydroquinolines, hydrobenzoazepines, and hydrobenzoazocines were
synthesized via this tandem ynamide benzannulation ring closing metathesis strategy.
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Part III
Experimental Procedures
237
General Procedures.
All reactions were performed in flame-dried glassware under a positive pressure
of argon. Reaction mixtures were stirred magnetically unless otherwise indicated. Air-
and moisture-sensitive liquids and solutions were transferred via syringe or cannula and
were introduced into reaction vessels through rubber septa. Reaction product solutions
and chromatography fractions were concentrated using a Bichi rotary evaporator at ca.
20 mmHg and then at 0.02 mmHg (vacuum pump) unless otherwise indicated.
Materials.
Commercial grade reagents and solvents were used without further purification
except as indicated below.
(a) Distilled under argon from calcium hydride:
Acetonitrile, benzene, dichloromethane, N,N-dicyclohexylmethylamine, pyridine,
toluene, and triethylamine
(b) Distilled under argon from sodium benzophenone ketyl or dianion:
Diethyl ether and tetrahydrofuran
(c) Distilled under argon or vacuum:
Dicyclohexylcarbodiimide, methyl chloroformate, and oxalyl chloride
(d) Purified by pressurefiltration through activated alumina:
Dichloromethane, diethyl ether, and tetrahydrofuran
(e) Purified by pressurefiltration through activated alumina and Cu(II) oxide:
Toluene
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0) Other
Acetic anhydride was distilled from quinoline.
Activated silica gel was prepared by heating at 200 °C under vacuum for 2 d.
3-Butylcyclobutenone was prepared via a two step method involving (1) a [2+2]
cycloaddition of 1-hexyne with dichloroketene and (2) reductive chlorination with
zinc as described by Danheiser.2 94
N-Bromosuccinimide was recrystallized from refluxing H20.
Copper(I) iodide was extracted with THF for 24 h in a Soxhlet extractor and then
dried under vacuum (0.1 mmHg).
Diazomethane was generated from DiazaldO using a mini-diazomethane
apparatus according to the procedure of Black.326
1,3-Diiodoazulene was prepared by reaction of azulene with 2.1 equiv of NIS in
methylene chloride (rt, 12 h) according to the procedure of Hafner. 52 a
Dimethylacetamide DriSolv was purchased from EM Science.
Dimethylformamide DriSolv was purchased from EM Science.
1,4-Dioxane was purchased from Aldrich in a sure seal bottle.
B-Ethyl-9-BBN was prepared from 9-BBN and ethylene according to the
procedure of Brown.32 7
3-Iodo-cyclohex-2-enone was prepared by reaction of 1,3-cyclohexanedione with
1.1 equiv of PPh3-I2 and 1.1 equiv of Et 3N in CH 3CN (rt, 5 d) according to the
procedure of Piers.'7 9
326 Black, T. H. Aldrichim. Acta 1983, 16, 3.
327 Knights, E. F.; Brown, H. C. J. Am. Chem. Soc. 1968, 90, 5283. For alternative methods for the
preparation of this reagent see (a) Kramer, G. W.; Brown, H. C. J. Organomet. Chem. 1974, 73, 1. (b)
Brown, C. A. J. Org. Chem. 1975, 40, 3154.
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2-Iodo-2-propen-l-ol was prepared by reaction of propargylic alcohol with 1.5
equiv of TMSC1, 1.5 equiv of NaI and 0.5 equiv of H2 0 in CH3CN (rt, 3 h)
according to the procedure of Irifune.'78
Ethanol was purchased from Pharmco and is 200 Proof.
Methyl-2-acetamidoacrylate was prepared by reaction of methyl pyruvate with 2.0
equiv of acetamide in benzene (reflux, 2.5 h) according to the procedure of
Yokoyama. 2 2 5
2-Methyl-3-methoxycyclobutenone was prepared from the reaction of excess
ketene (generated by the pyrolysis of acetone over hot wire by the method of
Williams and Hurd30 8) with methoxyacetylene in CH 3CN (0 °C, 8 h).254
B-Phenyl-9-BBN was prepared by reaction of 9-BBN with 1.0 equiv of
phenyllithium and 1.0 equiv Mel according to the procedure of Brown.327 a
Trimethyl-pent-4-en-1-ynyl-silane was prepared by reaction of
trimethylsilylacetylene with 1.2 equiv EtMgBr and 1.5 equiv of allyl bromide in
THF according to the procedure of Nefedov.3 4
Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0
equiv of trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in
EtOH (reflux, 3 h) according to the procedure of Wilkinson.2 8
328 Legzdins, P.; Mitchell, R. W.; Rempel, G. L.; Ruddick, J. D.; Wilkinson, G. J. Chem. Soc. 1970, 3322.
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lChromatography
Analytical thin layer chromatography was performed on Merck precoated glass-
backed silica gel 60 F-254 0.25 mm plates. Visualization was effected by one or more of
the following techniques: (a) ultraviolet, (b) exposure to iodine vapor, (c) immersion of
the plate in an ethanolic solution of 3% p-anisaldehyde containing 0.5% concentrated
sulfuric acid followed by heating to ca. 200 °C, (d) immersion of the plate an ethanolic
solution of 3% p-vanillin containing 0.5% concentrated sulfuric acid followed by heating
to ca. 200 C, (e) immersion of the plate in a 10% solution of phosphomolybdic acid in
methanol followed by heating to ca. 200 C, (f) immersion of the plate an aqueous
solution of 6% ammonium molybdate and 1% cerium(IV) sulfate containing 12%
concentrated sulfuric acid followed by heating to ca. 200 °C, (g) immersion of the plate
an aqueous solution of 5% sodium hydroxide containing 1% potassium permanganate
and 6% potassium carbonate followed by heating to ca. 200 °C.
Column chromatography was performed on Silicycle silica gel 60 (230-400
mesh).
Instrumentation.
Melting points were determined with a Fisher-Johns melting point apparatus and
are uncorrected.
Infrared spectra were obtained using a Perkin Elmer 1600 FT-IR
spectrophotometer and a Perkin Elmer 2000 FT-IR spectrophotometer.
IH NMR spectra were recorded on Varian XL-300 (300 MHz), Varian Unity 300
(300 MHz), and Varian Inova 500 (500 MHz) spectrometers. H NMR chemical shifts
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are expressed in parts per million () downfield relative to TMS (with the CHCl3 peak at
7.27 ppm used as a standard).
13C NMR spectra were recorded on Varian XL-300 (75 MHz) and Varian Inova
500'(125 MHz) spectrometers. 13C NMR chemical shifts are expressed in parts per
million () relative to TMS (with the CHC13 peak at 77.23 ppm used as a standard).
Ultraviolet-visible spectra were recorded with a HP 845 UV-Vis
spectrophotometer.
High resolution mass spectra (HRMS) were measured on a Bruker Daltonics
APEXII 3 tesla fourier mass spectrometer.
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4-Bromo-l-diazo-4-phenyl-2-butanone (70).
A 500-mL, three-necked, round-bottomed flask was equipped with a glass
stopper, gas dispersion tube attached to a cylinder of HBr, and a gas outlet adapter
attached via Tygon tubing to an Erlenmeyer flask filled with water. The reaction flask
was charged with cinnamic acid 67 (7.04 g, 47.2 mmol), 70 g of activated silica gel, and
240 mL of dichloromethane. HBr was bubbled through the reaction mixture for 40 min,
and then the gas inlet and outlet were replaced by glass stoppers. The orange suspension
was stirred at room temperature for 20 h. The two glass stoppers were replaced with the
gas inlet and outlet used previously, and HBr was again bubbled through the reaction
mixture for 40 min. The flask was stoppered and stirred for 4 h and then the orange
suspension was filtered with the aid of 400 mL of diethyl ether. The filtrate was washed
with two 300-mL portions of water and 300 mL of brine, dried over magnesium sulfate,
filtered, and concentrated to provide 9.36 g of 3-bromo-3-phenylpropionic acid (68) as a
white solid.
A 250-mL, one-necked, flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with the bromo acid 68 prepared as described above
(4.50 g, ca.19.6 mmol), oxalyl chloride (3.59 g, 2.40 mL, 28.3 mmol, ca. 1.40 equiv), and
60 mL of benzene. As the suspension was heated to 65 C, the solid acid dissolved and
243
vigorous gas evolution began. After 30 min, gas evolution had ceased, and the reaction
mixture was stirred for an additional 16 h at 65 °C. After this time, the reaction mixture
was allowed to cool to room temperature and then concentrated to a volume of ca. 10 mL.
A 500-mL, one-necked round-bottomed flask (note: clearseal joint) was charged
with a solution of CH2N232 9 (ca. 67 mmol, 3.4 equiv, generated from Diazald (21.5 g,
100.5 mmol) in 300 mL of diethyl ether. The yellow solution was cooled to 0 °C and
rapidly stirred while the benzene solution of the acid chloride prepared above was added
via pipette over 1 min (the flask containing the acid chloride was rinsed with two 5-mL
portions of diethyl ether). The ice bath was removed after 10 min, stirring was stopped,
and the reaction mixture was allowed to warm to room temperature. After 1 h, excess
diazomethane was distilled off under reduced pressure (ca. 20 mmHg) into an
Erlenmeyer flask cooled at -78 °C and quenched by addition of acetic acid. The bright
yellow reaction mixture was concentrated to provide 5.24 g of a yellow oil, which was
dissolved in 15 mL of CH2C12 and concentrated onto 10.4 silica gel, and transferred to the
top of a column of 100 g of silica gel. Elution with 20% ethyl acetate-hexanes afforded
4.09 g (71% overall from cinnamic acid 67) of 4-bromo-l-diazo-4-phenyl-2-butanone
(70) as a yellow solid with spectral data consistent with that previously reported for this
compound:33 mp 65-66 C; IR (CHC13) 3087, 2110, 1627, 1388, 1368, 1350, 1136,
1072 and 947 cm-l1 ; 1H NMR (500 MHz, CDC13) 6 7.42-7.44 (m, 2 H), 7.34-7.38 (m, 2
H). 7.29-7.33 (m, 1 H), 5.48 (dd, J = 5.8, 9.15 Hz, 1 H), 5.31 (br s, 1 H), and 3.23 (ABX,
329 Diazomethane was generated from Diazald© using a mini-diazomethane apparatus according to the
procedure of Black, see ref 326.
330 Rosenquist, N. R.; Chapman, O. L. J. Org. Chem. 1976, 41, 3326.
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IJax = 9.3, Jbx = 5.5, Jab = 15.4 Hz, 4 = 3.31, 4, = 3.15, 2 H); 13C NMR (125 MHz,
CDC13) 6 190.3, 141.1,129.1,128.9, 127.4, 56.1, 50.2, and 48.3.
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4-Bromo-4-(4-chlorophenyl)-l-diazo-2-butanone (83).
A 250-mL, three-necked, round-bottomed flask was equipped with a glass
stopper, gas dispersion tube attached to a cylinder of HBr, and a gas outlet adapter
attached via Tygon tubing to an Erlenmeyer flask filled with water. The reaction flask
was charged with cinnamic acid 82 (2.19 g, 12.0 mmol, 1.00 equiv), 22 g of activated
silica gel, and 65 mL of dichloromethane. HBr was bubbled through the reaction mixture
for 20 min, and then the gas inlet and outlet were replaced by glass stoppers. The orange
suspension was stirred at room temperature for 48 h. The two glass stoppers were
replaced with the gas inlet and outlet used previously, and HBr was again bubbled
tnroughr the reaction mixture tor zu mm. lte flask was stoppered and stirred tor 4 Ih and
then the orange suspension was filtered with the aid of 500 mL of chloroform. The
filtrate was washed with two 250-mL portions of water and 250 mL of brine, dried over
magnesium sulfate, filtered, and concentrated to provide 2.93 g of 3-bromo-3-(4-
chlorophenyl)propionic acid as a white solid.
A 100-mL, one-necked, flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with the bromo acid prepared as described above (2.87 g,
ca. 11.0 mmol), oxalyl chloride (1.95 g, 1.30 mL, 15.0 mmol, ca. 1.40 equiv), and 30 mL
of benzene. As the suspension was heated to 65 °C, the solid acid dissolved and vigorous
gas evolution began. After 30 min, gas evolution had ceased, and the reaction mixture
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was stirred for an additional 16 h at 65 C. After this time, the reaction mixture was
allowed to cool to room temperature and then concentrated to a volume of ca. 5 mL.
A 250-mL, one-necked, round-bottomed flask (note: clearseal joint) was charged
with a solution of CH2N233 ' (ca. 30 mmol, 3.0 equiv, generated from Diazald (.59 g, 44.8
mmol) in 150 mL of diethyl ether. The yellow solution was cooled to 0 °C and rapidly
stirred while the benzene solution of the acid chloride prepared above was added via
pipette over 1 min (the flask containing the acid chloride was rinsed with two 5-mL
portions of diethyl ether). The ice bath was removed after 10 min, stirring was stopped,
and the reaction mixture was allowed to warm to room temperature. After 2 h, excess
diazomethane was distilled off under reduced pressure (ca. 20 mmHg) into an
Erlenmeyer flask cooled at -78 C and quenched by addition of acetic acid. The bright
yellow reaction mixture was concentrated to provide 3.35 g of a yellow oil, which was
dissolved in 10 mL of CH2C12, concentrated onto 6.6 g of silica gel, and transferred to the
top of a column of 130 g of silica gel. Elution with 10% methylene chloride-benzene
afforded 1.99 g (59% overall from cinnamic acid 82) of 4-bromo-4-(4-chlorophenyl)-l-
diazo-2-butanone (83) as a yellow solid with spectral data consistent with that previously
reported for this compound:3 32 mp 77-78 C; IR (CHC13) 3103, 2106, 1639, 1493, 1379,
1340, 1092, 1014, and 829 cm-1; 1H NMR (500 MHz, CDC13) 6 7.31-7.37 (m, 4 H), 5.45
(dd, J = 6.1, 8.5 Hz, 1 H), 5.30 (br s, 1 H), and 3.20 (ABX, Jax = 8.5, Jbx = 5.8, Jab = 15.5
Hz, 'a = 3.27, & = 3.12, 2 H); 13C NMR (125 MHz, CDC13) 190.0, 139.7, 134.7, 129.2,
128.8, 56.2, 50.1, and 47.1.
331 Diazomethane was generated from DiazaldC using a mini-diazomethane apparatus according to the
procedure of Black, see ref 326.
2 Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, May 1994; 192-194.
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2-Iodobenzaldehyde (64).333
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and argon inlet adapter was charged with pyridinium chlorochromate (13.1
g, 61.0 mmol) and 50 mL of dichloromethane. The orange slurry was stirred at rt (a
water bath was used to maintain rt) while 2-iodo benzyl alcohol (63) (9.1 g, 39 mmol)
was added in one portion. The reaction mixture was stirred at rt for 4 h. The resulting
dark brown reaction mixture was diluted with 100 mL of diethyl ether and filtered
through celite with the aid of an additional 100 mL of diethyl ether. The filtrate was
concentrated to provide 8.6 g of a dark brown, which was purified by column
chromatography on 40 g of silica gel (elution with 5% ethyl acetate-hexanes) to afford
8.2 g (91%) of 64 as a pale yellow solid with spectral data consistent with that previously
reported for this compound:33 4 mp 218-220 C; IR (CHC13) 3584, 2853, 2745, 1697,
1580, 1438, 1262, 1199, 1015, 821, and 753 cm- 1; 1H NMR (500 MHz, CDC13) 6 10.08,
(s, 1 H), 7.97 (d, J = 7.9 Hz, 1 H), 7.90 (dd, J = 1.8, 7.9 Hz, 1 H), 7.48 (app t, J = 7.5 Hz,
1 H), 7.30 (dt, J = 1.8, 7.6 Hz, 1 H); 13C NMR (125 MHz, CDC13) 6 195.9, 140.8, 135.7,
133.6, 130.4, 128.9, and 100.9.
333 This procedure is a modification of the procedure reported according to: Larock, R. C.; Doty, M. J. J.
Org Chem. 1993, 58, 4579.
3 3 4 Olivera, R.; SanMartin, R.; Dommguez, E.; Solans, X.; Urtiaga, M. K.; Arriortua, M. I. J. Org. Chem.
2000, 65, 6398.
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2-Iodocinnamic Acid (66).335
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
reflux condenser, and argon inlet adapter, was charged with 2-iodobenzaldehyde (64) (8.0
g, 35 mmol), malonic acid (7.2 g, 69 mmol), and 60 mL of pyridine. The reaction
mixture was stirred at rt until the malonic acid dissolved and then piperdine (5.9 g, 6.8
mL, 69 mmol) was added via syringe over 1 min. The septum was replaced with a glass
stopper and the reaction mixture was stirred at 120 °C for 16 h. The reaction mixture was
cooled to rt, poured onto 200 mL of ice water, and acidified with concentrated aq HC to
pH 1. The resulting white precipitate was collected via filtration and washed with 200
mL of water, and 200 mL of hexanes. The material was dried under vacuum (ca. 0.1
mmHg) for 12 h to afford 8.4 g (88%) of 66 as a white solid with spectral data consistent
with that previously reported for this compound:333 mp 209-210 °C; IR (CHC13) 3583,
2919, 2254, 1687, 1625, 1463, 1435, 1379, 1301, 1285, and 910 cm-1; 1H NMR (500
MHz, CDC13) 6 8.02 (d, J = 15.9 Hz, 1 H), 7.93 (dd, J = 1.2, 7.9 Hz, 1 H), 7.61 (dd, J =
1.7, 7.8 Hz, 1 H), 7.40 (t, J = 7.3 Hz, 1 H), 7.10 (dt, J = 1.5, 7.6 Hz, 1 H), 6.35 (d, J =
15.9 Hz, 1 H); 13C NMR (125 MHz, CD 30D) 6 129.7, 109.3, 101.4, 99.1, 92.7, 90.1,
88.7, 82.6, and 61.9.
335 This procedure is a modification of the procedure reported according to: Berry, J. M.; Watson, C. Y.;
Whish, J. D.; Threadgill, M.D. J. Chem. Soc., Perkin Trans. 1 1997, 1147.
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4-Bromo-4-(2-iodophenyl)-1-diazo-2-butanone (70).
A 500-mL, three-necked, round-bottomed flask was equipped with a glass
stopper, gas dispersion tube attached to a cylinder of HBr, and a gas outlet adapter
attached via Tygon tubing to an Erlenmeyer flask filled with water. The reaction flask
was charged with cinnamic acid 66 (6.78 g, 25.0 mmol, 1.00 equiv), 70 g of activated
silica gel, and 250 mL of dichloromethane. HBr was bubbled through the reaction
mixture for 20 min, and then the gas inlet and outlet were replaced by glass stoppers.
The orange suspension was stirred at room temperature for 24 h. The two glass stoppers
were replaced with the gas inlet and outlet used previously, and HBr was again bubbled
through the reaction mixture for 20 min. The flask was stoppered and stirred for another
24 h. This was repeated two more times and then the orange suspension was filtered with
the aid of 500 mL of ethyl acetate. The filtrate was washed with two 250-mL portions of
water and 250 mL of brine, dried over magnesium sulfate, filtered, and concentrated to
provide 6.61 g of 3-bromo-3-(2-iodophenyl)propionic acid as a white solid.
A 250-mL, one-necked, flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with the bromo acid prepared as described above (6.41 g,
ca. 18.0 mmol), oxalyl chloride (2.79 g, 1.86 mL, 22.0 mmol, ca. 1.20 equiv), and 60 mL
of benzene. As the suspension was heated to 65 °C, the solid acid dissolved and vigorous
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gas evolution began. After 30 min, gas evolution had ceased, and the reaction mixture
was stirred for an additional 16 h at 65 °C. After this time, the reaction mixture was
allowed to cool to room temperature and then concentrated to a volume of ca. 5 mL.
A 250-mL, one-necked, round-bottomed flask (note: clearseal joint) was charged
with a solution of CH2N2336 (ca. 35 mmol, 2.0 equiv, generated from Diazald (11.1 g, 52.0
mmol) in 175 mL of diethyl ether. The yellow solution was cooled to 0 °C and rapidly
stirred while the benzene solution of the acid chloride prepared above was added via
pipette over 1 min (the flask containing the acid chloride was rinsed with two 5-mL
portions of diethyl ether). The ice bath was removed after 10 min, stirring was stopped,
and the reaction mixture was allowed to warm to room temperature. After 1 h, excess
diazomethane was distilled off under reduced pressure (20 mmHg) into an Erlenmeyer
flask cooled at -78 C and quenched by addition of acetic acid. The bright yellow
reaction mixture was concentrated to provide 7.04 g of a yellow oil, which was dissolved
in 20 mL of CH2C12, concentrated onto 14 g of silica gel, and transferred to the top of a
column of 140 g of silica gel. Elution with 20% ethyl acetate-hexanes afforded 4.60 g
(50% overall from cinnamic acid 66) of 4-bromo-4-(2-iodophenyl)-l-diazo-2-butanone
(73) as a yellow oil with spectral data consistent with that previously reported for this
compound:33 7 IR (CHC13) 3103, 2108, 1636, 1466, 1436, 1375, 1138, 1013, 946, 910,
and 732 cm- 1; 1H NMR (500 MHz, CDC13) 6 7.86 (dd, J = 1.2, 7.9 Hz, 1 H), 7.55 (dd, J
= 1.4, 7.8 Hz, 1 H), 7.39 (dt, J = 0.9, 7.6 Hz, 1 H), 6.99 (dt, J= 1.8, 7.6 Hz, 1 H), 5.74 (dd,
J = 5.8, 8.9 Hz, 1 H), 5.36 (br s, 1 H), and 3.24 (ABX, Jax = 8.9, Jbx = 5.8, Jab = 1.5.6 Hz,
336 Diazomethane was generated from Diazald© using a mini-diazomethane apparatus according to the
procedure of Black, see ref 326.
Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, May 1994; 166-168.
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da = 3.28, b = 3.20, 2 H); 13C NMR (125 MHz, CDC13) 6 189.7, 142.4, 139.9, 130.2,
129.0, 128.0, 99.6, 56.0, 52.2, 48.9.
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1-Acetoxy-4-iodoazulene (98).
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate338 (0.021 g, 0.04 mmol, 0.01 equiv) and 60 mL of dichloromethane. A
solution of diazo ketone 73 (1.330 g, 3.50 mmol) in 35 mL of dichloromethane was
added dropwise via the addition funnel over 45 min to the rapidly stirred green solution
of rhodium catalyst, and the resulting dark green mixture was stirred at rt for 5 min.
Acetic anhydride (1.790 g, 1.650 mL, 5.00 mmol) was then rapidly added via syringe,
followed by 4-dimethylaminopyridine (1.280 g, 10.5 mmol). The resulting deep green
solution was stirred for 5 min and then treated with 4 mL of methanol. After stirring for
an additional 5 min, the reaction mixture was then poured into 100 mL of diethyl ether
and 100 mL of aq 5% HC1 solution. The organic phase was separated and washed with
75-mL of aq 5% HC1 solution and 75 mL of brine, dried over Mg2SO4, filtered, and
concentrated to yield 1.18 g of a blue oil. Column chromatography on 60 of silica gel
(elution with 5% EtOAc-hexane) afforded 0.792 g (73%) of 98 as a blue solid with
spectral data consistent with that previously reported for this compound:62 mp 76-77° C;
338 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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IR (CHC13) 2950, 2920, 1754, 1550, 1494, 1401, 1368, 1317, 1200, 1035 and 990 cm-';
'H NMR (500 MHz, CDC13) 6 8.18 (d, J= 9.5 Hz, 1 H), 7.87-7.89 (m, 2 H), 7.39 (d, J=
4.3 Hz, 1 H), 7.20 (app t, J= 10.1 Hz, 1 H), 7.13 (app t, J= 9.6 Hz, 1 H), and 2.45 (s, 3
H); 13C NMR (125 MHz, CDC13) 8 169.3, 140.4, 136.6 (2 C), 135.0, 132.2, 129.2, 125.7,
123.0, 121.9, 117.2, and 21.3.
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1-Trimethylacetoxy-4-iodoazulene (107).
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate3 9 (0.017 g, 0.030 mmol, 0.01 equiv) and 45 mL of dichloromethane. A
solution of diazoketone 73 (1.08 g, 2.80 mmol) in 30 mL of dichloromethane was added
dropwise via the addition funnel over 1 h to the rapidly stirred green solution of rhodium
catalyst, and the resulting dark green mixture was stirred for 5 min. Trimethylacetyl
chloride (0.37 g, 0.38 mL, 3.08 mmol) was then rapidly added via syringe, followed by 4-
dimethylaminopyridine (1.03 g, 8.40 mmol). The resulting deep green solution was
stirred at rt for 5 min. The reaction mixture was then poured into 60 mL of diethyl ether
and 30 mL of aq 1 M HC1 solution. The organic phase was separated and washed with
two 30-mL portions of aq 1 M HC1 solution and 30 mL of brine, dried over MgSO4,
filtered, and concentrated to yield 1.06 g of a green oil. Column chromatography (twice)
on 30 and then 10 g of silica gel (gradient elution with 0-2% EtOAc-hexane) afforded
0.756 g (76%) of 107 as a green solid: mp 39-40° C; IR (CH2C12) 2973, 1751, 1552,
1275, 1117 and 1049 cm'l; UV (CH2C12) max 353 nm; 1H NMR (500 MHz, CDC13) 6
339 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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8.14 (d, J= 9.5 Hz, 1 H), 7.85-7.88 (m, 2 H), 7.39 (d, J= 4.3 Hz, 1 H), 7.19 (app t, J=
9.8 Hz, 1 H), 7.11 (app t, J= 9.5 Hz, 1 H), and 1.48 (s, 9 H); 13C NMR (125 MHz,
CDC13) 6 176.7, 140.7, 136.6, 136.5, 134.8, 132.0, 129.2, 125.8, 123.0, 121.8, 117.1,
39.7, and 27.6; HRMS-ESI (m/z) [M+H] cald for C1 5H5I102, 355.0189; found, 355.0179.
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Phenyl pyruvate (173).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and argon inlet adapter was charged with phenol (1.41 g, 15.0 mmol),
dimethylaminopyridine (0.183 g, 1.50 mmol, 0.100 equiv), 20 mL of dichloromethane,
and pyruvic acid (1.45 g, 1.14 mL, 16.5 mmol) in that order. The reaction mixture was
cooled to 0 °C and a solution of dicyclohexylcarbodiimide (3.40 g, 16.5 mmol) in 15 mL
of dichloromethane was added via cannula over 2 min. The resulting in a yellow solution
was allowed to warm to rt and stirred for 48 h. The reaction mixture was then filtered
through celite with the aid of 200 mL of dichloromethane. The filtrate was concentrated
to provide 3.45 g of a yellow oil, which was dissolved in 10 mL of CH2C12, concentrated
onto 7 g of silica gel, and transferred to the top of a column of 50 g of silica gel. Elution
with 10% dichloromethane-benzene afforded 1.45 g of a light yellow solid. This material
was recrystallized from 15 mL of warm hexanes cooling to 0 °C to yield 1.28 g (52%) of
phenyl pyruvate 173 as a white solid with spectral data consistent with that previously
reported for this compound: °0 ' mp 71-72 °C; IR (CHC13) 3064, 1748, 1735, 1590, 1493,
1414, 1285, 1195, 1171, 1117, 969, and 751 cm- 1; 1H NMR (500 MHz, CDC13) 6 7.42-
7.45 (m, 2 H), 7.29-7.32 (m, 1 H), 7.17-7.19 (m, 2 H), and 2.61 (s, 3 H); 13C NMR (125
MHz, CDC13) 6 191.2, 159.2, 150.3, 129.9, 126.9, 121.2, and 27.0.
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N-Methyl pyruvanilide (165).
A 25-mL, round-bottomed flask equipped with a rubber septum was charged with
N-methyl aniline (0.514 g, 0.520 mL, 4.80 mmol), dimethylaminopyridine (0.059 g, 0.48
mmol, 0.1 equiv), 5 mL of dichloromethane, and pyruvic acid (0.467 g, 0.370 mL, 5.3
mmol) in that order. The reaction mixture was cooled to 0 C and a solution of
dicyclohexylcarbodiimide (1.10 g, 5.3 mmol) in 5 mL of dichloromethane was added via
cannula over 1 min. The resulting yellow solution was allowed to warm to rt and stirred
for 22 h. The reaction mixture was then filtered through celite with the aid of 30 mL of
dichloromethane. The filtrate was concentrated to provide 1.2 g of a dark yellow oil,
which was dissolved in 5 mL of CH2C12, concentrated onto 2.4 g of silica gel, and
transferred to the top of a column of 125 g of silica gel. Elution with 30% ethyl acetate-
hexanes afforded 0.574 g (67%) of N-Methyl pyruvanilide 165 as a yellow oil with
spectral data consistent with that previously reported for this compound:340 IR (CHC13)
3063, 2934, 1719, 1651, 1595, 1496, 1392, 1353, 1194, and 1112 cm-1 ; 1H NMR (500
MHz, CDC13) 6 7.38-7.42 (m, 2 H), 7.32-7.36 (m, 1 H), 7.17-7.19 (m, 2 H), 3.36 (s, 3 H),
and 2.24 (s, 3 H); 13C NMR (125 MHz, CDC13) 6 198.6, 167.9, 142.3, 130.5, 128.9,
127.1, 37.2 and 28.5.
340 Lopatin, W.; Sheppard, C.; Owen, T. C. J. Org. Chem. 1978, 43, 4678.
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Methyl 3-[4-(1-acetoxyazulenyl)lacrylate (280).
A 10-mL, two-necked, round-bottomed flask equipped with two rubber septa and
an argon inlet needle was charged with azulenyl iodide 98 (0.172 g, 0.55 mmol),
Pd(OAc) 2 (0.003 g, 0.015 mmol, 0.03 equiv), tetraethylammonium chloride (0.083 g,
0.50 mmol), 2.0 mL of dimethylacetamide, N,N-dicyclohexylmethylamine (0.147 g,
0.160 mL, 0.75 mmol), and methyl acrylate (0.043 g, 0.045 mL, 0.50 mmol) in that order.
One of the rubber septa was replaced with a glass stopper and the other septum was
replaced with a reflux condenser fitted with an argon inlet adapter and the suspension was
stirred at 65 °C for 16 h. The resulting dark green suspension was allowed to cool to
room temperature, diluted with 10 mL of diethyl ether and washed with 20 mL of H20.
The aqueous layer was back extracted with two 10-mL portions of diethyl ether, and the
combined organic layers were washed with 10 mL of H20 and 10 mL of brine, dried over
MgSO 4, filtered, and concentrated to yield 0.221 g of a dark green oil. Column
chromatography on 22 g of silica gel (elution with 15% EtOAc-hexane) afforded 0.129 g
(96%) of 280 as a green solid with spectral data consistent with that previously reported
for this compound:3 41 mp: 56-57 °C; IR (CC14) 2940, 1760, 1720, 1540, 1365, 1275,
1200, 1160, and 1040 cm-'; 1H NMR (500 MHz, CDC13) 6 8.57 (d, J = 15.9 Hz, 1 H),
341 Kane, J. L., Jr. New Methods for Constructing Polycyclic Aromatic Systems. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, May 1994; 240-242.
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8.26 (d, J = 9.8 Hz, 1 H), 7.86 (d, J = 4.6 Hz, 1 H), 7.57 (app t, J = 10.1 Hz, 1 H), 7.53 (d,
J = 4.6 Hz, 1 H), 7.35 (t, J = 10.7 Hz, 1 H), 7.12 (t, J = 9.6 Hz, 1 H), 6.69 (d, J = 15.9 Hz,
1 H), 3.89 (s, 3 H), and 2.45 (s, 3 H); 13C NMR (125 MHz, CDC13) 6 169.5, 167.1,
144.6, 142.0, 139.5, 137.8, 133.2, 132.8, 128.2, 127.6, 124.3, 122.4, 121.6, 111.6, 52.4,
and 21.4.
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1-Ethylazulene (283).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate3 42 (0.006 g, 0.01 mmol, 0.01 equiv) and 20 mL of dichloromethane. A
solution of diazo ketone 70 (0.288 g, 1.00 mmol) and 16 mL of dichloromethane was
added dropwise via the addition funnel over 50 min to the rapidly stirred green solution
of rhodium catalyst, and the resulting dark green mixture was stirred for 5 min. PhNTf2
(0.357 g, 1.00 mmol) was then added in one portion, followed by a solution of 4-
dimethylaminopyridine (0.367 g, 3.00 mmol) in 2 mL of dichloromethane via cannula.
The resulting deep purple solution was stirred for 10 min and then treated with 1 mL of
piperidine. After stirring for an additional 15 min, the reaction mixture was poured into
30 mL of diethyl ether and 20 mL of aq 1 M HC1 solution. The organic phase was
separated and washed with two 20-mL portions of aq 1 M HC1 solution and 20 mL of
brine, dried over MgSO4 , filtered, and used immediately for the next reaction.
The dark purple solution of azulenyl triflate 34 produced in the previous reaction
was concentrated to a volume of ca. 5 mL in a 25-mL, one-necked, round-bottomed flask.
The flask was then equipped with a stirbar and argon inlet adapter and the solution was
342 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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concentrated further at 0.1 mmHg with vigorous stirring to a volume of 0.2-0.5 mL.343
The argon inlet adapter was immediately removed and replaced with a rubber septum and
argon inlet needle, and 1.0 mL of THF was added to produce a dark purple solution.
Pd(OAc) 2 (0.011 g, 0.05 mmol), o-(dicyclohexylphosphino)biphenyl (0.026 g, 0.075
mmol), and cesium carbonate (0.977 g, 3.0 mmol) were then added, followed by a
solution of B-ethyl-9-BBN (prepared by stirring 10 mL of a 0.5 M solution of 9-BBN in
THF under a positive pressure of ethylene for 2 h).344 The resulting mixture was stirred at
room temperature for 2 h and the resulting black suspension was then diluted with 30 mL
of diethyl ether and washed with 30 mL of 2 M NaOH solution and 30 mL of brine, dried
over MgSO4, filtered, and concentrated to yield 1.17 g of a turquoise oil. Purification by
column chromatography on silica gel (elution with pentane) afforded 0.088 g (56%
overall from diazo ketone 70) of 1-ethylazulene 283 as a dark blue oil with spectral data
consistent with that previously reported for this compound:6 23 4 5 IR (thin film) 3010,
2960, 2920, 2860, 1570, 1530, 1500, 1450, 1420, 1390, 1290 cm-'; H NMR (500 MHz,
CDC13) 6 8.28 (d, J = 9.2 Hz, 1 H), 8.25 (d, J= 9.5 Hz, 1 H), 7.82 (d, J = 3.7 Hz, 1 H),
7.53 (t, J= 9.8 Hz, 1 H), 7.35 (d, J = 3.7 Hz, 1 H), 7.08 (t, J= 9.8 Hz, 1 H), 7.06 (t, J-
9.6 Hz, 1 H), 3.12 (q, J= 7.6 Hz, 2 H), 1.40 (t, J= 7.6 Hz, 3 H); 3C NMR (125 MHz,
CDC13) 6 140.4, 137.3, 136.3, 136.2, 135.3, 133.2, 133.0, 121.9, 121.2, 116.6, 20.4, 15.7.
343 Though stable in solution, the azulene triflate is unstable in concentrated form where it has a tendency to
decompose to form an intractable black solid. Concentration to dryness on the rotary evaporator usually
led to decomposition, which could be avoided by removing the last several mL of solvent using a vacuum
pump.
344 B-Ethyl-9-BBN was prepared from 9-BBN and ethylene according to the procedure of Brown, see ref
327.
345 See also: Anderson, A. G.; Breazeale, R. D. J. Org. Chem. 1969, 34, 2375.
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1-Ethyl-5-isopropylazulene (288).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and argon inlet adapter was charged with
rhodium pivalate346 (0.013 g, 0.021 mmol) and 18 mL of diethyl ether. The addition
funnel was charged with 4-bromo-l-diazo-4-(3-isopropylphenyl)-2-butanone 75 (0.311 g,
1.05 mmol) and 16 mL of diethyl ether, and the bright yellow solution of diazo ketone
was added dropwise over 45 min to the rapidly stirred green solution of catalyst. After 5
min, PhNTf2 (0.375 g, 1.05 mmol) was added in one portion, and then a solution of 4-
dimethylaminopyridine (0.385 g, 3.15 mmol) in 20 mL of diethyl ether was immediately
added via cannula. The resulting deep purple suspension was stirred for 10 min and then
treated with 1 mL of piperidine. After stirring an additional 15 min, the reaction mixture
was poured into a separatory funnel containing 30 mL of diethyl ether and 30 mL of 1 M
HC1 solution. The organic phase was separated and washed with two 30-mL portions of
1 M HC1 and 30 mL of brine, dried over MgSO4, and filtered to afford a blue solution of
the triflate which was used immediately in the next reaction without further purification.
346 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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The solution of azulene triflate 287 in diethyl ether prepared as described above
was transferred to a 50-mL round-bottomed flask and concentrated using a rotary
evaporator to a volume of ca. 5 mL. The flask was then equipped with a stir bar and
argon inlet adapter and the remaining solvent was removed at 0.1 mmHg with vigorous
stirring.347 The argon inlet adapter was immediately removed and replaced with a rubber
septum and argon inlet needle, and 1.0 mL of THF was added to produce a dark blue
solution. Pd(OAc)2 (0.012 g, 0.053 mmol), o-(dicyclohexylphosphino)biphenyl (0.028 g,
0.079 mmol), and cesium carbonate (1.03 g, 3.15 mmol) were then added, followed by a
solution of B-ethyl-9-BBN (prepared by stirring 10 mL of a 0.5 M solution of 9-BBN in
THF under a positive pressure of ethylene for 2 h).348 The resulting mixture was stirred at
room temperature for 5 h. The black suspension was diluted with 15 mL of diethyl ether
and washed with 15 mL of 2 M NaOH solution and 15 mL of brine, dried over MgSO4,
filtered, and concentrated to yield 1.18 g of a green oil. Purification by column
chromatography on 36 g and then on 20 g of silica gel (elution each time with pentane)
afforded 0.075 g (36% overall from diazo ketone 75) of 1-ethyl-5-isopropylazulene 288
as a dark blue oil with spectral data consistent with that previously reported for this
compound: 62 IR (thin film): 2950, 2920, 2860, 1570, 1505, 1455 cm'l; 1H NMR (500
MHz, CDC13) 6 8.21 (d, J = 1.9 Hz, 1 H), 8.17 (d, J= 9.6 Hz, 1 H), 7.77 (d, J= 3.8 Hz, 1
H), 7.43-7.48 (m, 1 H), 7.24 (d, J= 3.8 Hz, 1 H), 7.02 (t, J= 10.0 Hz, 1 H), 3.02-3.10 (m,
347 Though stable in solution, the azulene triflate is unstable in concentrated form where it has a tendency to
decompose to form an intractable black solid. Concentration to dryness on the rotary evaporator usually
led to decomposition, which could be avoided by removing the last several mL of solvent using a vacuum
pump.
4 8 B-Ethyl-9-BBN was prepared from 9-BBN and ethylene according to the procedure of Brown see ref
327.
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3 H), 1.33-1.39 (m, 9 H); 3C NMR (75 MHz, CDC13) 6 141.8, 140.5, 136.2, 136.1,
136.0, 134.7, 131.9, 131.8, 120.8, 115.7, 38.3, 24.5, 20.4, 15.8.
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1-Phenylazulene (289).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate34 9 (0.006 g, 0.01 mmol, 0.01 equiv) and 20 mL of dichloromethane. A
solution of diazo ketone 70 (0.288 g, 1.00 mmol) and 16 mL of dichloromethane was
added dropwise via the addition funnel over 50 min to the rapidly stirred green solution
of rhodium catalyst, and the resulting dark green mixture was stirred for 5 min. PhNTf2
(0.357 g, 1.00 mmol) was then added in one portion, followed by a solution of 4-
dimethylaminopyridine (0.367 g, 3.00 mmol) in 2 mL of dichloromethane via cannula.
The resulting deep purple solution was stirred for 10 min and then treated with 1 mL of
piperidine. After stirring for an additional 15 min, the reaction mixture was poured into
30 mL of diethyl ether and 20 mL of aq 1 M HC1 solution. The organic phase was
separated and washed with two 20-mL portions of aq 1 M HC1 solution and 20 mL of
brine, dried over MgSO4, filtered, and used immediately for the next reaction.
The dark purple solution of azulenyl triflate 34 produced in the previous reaction
was concentrated to a volume of ca. 5 mL in a 25-mL, one-necked, round-bottomed flask.
349 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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The flask was then equipped with a stir bar and argon inlet adapter and the solution was
concentrated further at 0.1 mmHg with vigorous stirring to a volume of 0.2-0.5 mL.350
The argon inlet adapter was immediately removed and replaced with a rubber septum and
argon inlet needle, and 1.0 mL of THF was added to produce a dark purple solution.
Pd(OAC) 2 (0.011 g, 0.050 mmol), o-(dicyclohexylphosphino)biphenyl (0.035 g, 0.10
mmol), cesium carbonate (0.977 g, 3.00 mmol), and B-phenyl-9-BBN35 ' (0.277 g, 1.40
mmol) were then added, and the septum was replaced with a reflux condenser fitted with
an argon inlet adapter. The dark purple suspension was heated at reflux (preheated oil
bath) for 15 min and then allowed to cool to room temperature. The resulting black
suspension was diluted with 30 mL of diethyl ether and washed with 30 mL of 2 M
NaOH solution and 30 mL of brine, dried over MgSO4, filtered, and concentrated to yield
0.345 g of a turquoise oil. Purification by column chromatography on silica gel (elution
with pentane) afforded 0.124 g (60% overall from diazo ketone 70) of 1-phenylazulene
289 as a dark blue solid with spectral data consistent with that previously reported for this
compound:6 23 52 mp 51-53 C; IR (thin film) 3050, 3000, 2960, 1600, 1570, 1480, 1390
cm' ; 'H NMR (500 MHz, CDC13) 8 8.62 (d, J = 9.8 Hz, 1 H), 8.40 (dd, J = 9.8, 0.6 Hz, 1
H), 8.09 (d, J = 4.0 Hz, 1 H), 7.70-7.67 (m, 2 H), 7.63 (t, J = 9.8 Hz, 2 H), 7.55 (app t, J
= 7.8 Hz, 1 H), 7.50 (d, J = 3.7 Hz, 1 H), 7.41 (m, 1 H), 7.19 (t, J = 9.9 Hz, 2 H); 13C
350 Though stable in solution, the azulene triflate is unstable in concentrated form where it has a tendency to
decompose to form an intractable black solid. Concentration to dryness on the rotary evaporator usually
led to decomposition, which could be avoided by removing the last several mL of solvent using a vacuum
B-Phenyl-9-BBN was prepared by reaction of 9-BBN with 1.0 equiv of phenyllithium and 1.0 equiv.MeI
according to the procedure of Brown, see ref 327a.
352 See also: (a) Plattner, P. A.; Furst, A.; Gordon, M.; Zimmermann, K. Helv. Chim. Acta. 1950, 33, 1910.
(b) Oda, M.; Kajioka, T.; Haramoto, K.; Miyatake, R.; Kuroda, S. Synthesis 1999, 8, 1349.
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NMR (125 MHz, CDC13) 6 141.6, 138.2, 137.5, 137.2, 137.1, 135.6, 135.2, 131.3, 129.7,
128.6, 126.2, 123.3, 123.0, 117.4.
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1, 6-Diethylazulene (292).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate3 53 (0.006 g, 0.01 mmol, 0.01 equiv) and 20 mL of dichloromethane. A
solution of diazoketone 83 (0.288 g, 1.00 mmol) and 16 mL of dichloromethane was
added dropwise via the addition funnel over 50 min to the rapidly stirred green solution
of rhodium catalyst, and the resulting dark green mixture was stirred at rt for 5 min.
PhNTf2 (0.357 g, 1.00 mmol) was then added in one portion, followed by a solution of 4-
dimethylaminopyridine (0.367 g, 3.00 mmol) in 2 mL of dichloromethane via cannula.
The resulting deep purple solution was stirred for 10 min and then treated with 1 mL of
piperidine. After stirring for an additional 15 min, the reaction mixture was poured into
30 mL of diethyl ether and 20 mL of aq 1 M HC1 solution. The organic phase was
separated and washed with two 20-mL portions of aq 1 M HCl solution and 20 mL of
brine, dried over MgSO4, filtered, and used immediately for the next reaction.
The dark purple solution of azulenyl triflate produced in the previous reaction was
concentrated to a volume of ca. 5 mL in a 25-mL, one-necked, round-bottomed flask.
The flask was then equipped with a rubber septum and argon inlet needle and the
353 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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remaining solvent was removed with vigorous stirring at 0.02 mmHg.3 54 THF (1.0 mL)
was immediately added to produce a dark purple solution. Pd(OAc) 2 (0.011 g, 0.05
mmol, 0.05 equiv), o-(dicyclohexylphosphino)biphenyl (0.026 g, 0.075 mmol, 0.075
equiv), cesium carbonate (0.977 g, 3.0 mmol), and 2.4 mL of triethylborane solution (1.0
M in THF, 2.4 mmol) were added, and the dark purple suspension was stirred at room
temperature for 2 h. The resulting dark green suspension was diluted with 20 mL of
diethyl ether and extracted with two 10-mL portions of aq 2 M NaOH solution and 10 mL
of brine, dried over MgSO4, filtered, and concentrated to yield 0.265 g of a dark green
oil. Column chromatography on 26 g of silica gel (elution with pentane) afforded 0.091 g
(49%) of 292 as a dark blue oil: IR (CH 2C12) 2964, 2930, 2869, 1579, 1401, and 832 cm-
1; UV (CH2C12) Xmax 351 nm; 'H NMR (500 MHz, CDC13) 8 8.20 (d, J= 10.1 Hz, 1 H),
8.17 (d, J= 10.1 Hz, 1 H), 7.71 (d, J= 3.7 Hz, 1 H), 7.27 (d, J= 2.8 Hz, 1 H), 7.01 (d, J
= 9.8 Hz, 1 H), 6.98 (d, J= 9.5 Hz, 1 H), 3.09 (q, J= 7.5 Hz, 2 H), 2.81 (q, J= 7.5 Hz, 2
H), 1.39 (t, J= 7.5 Hz, 3 H), and 1.34 (t, J= 7.6 Hz, 3 H); 13C NMR (125 MHz, CDC13) 6
155.3, 139.3, 136.1, 135.0, 134.2, 133.2, 133.1, 122.7, 122.1, 116.7, 35.6, 20.6, 17.1, and
16.0; HRMS-ESI (m/z) [M+] cald for C14H16, 184.1247; found, 184.1244.
354 Though stable in solution, the azulene triflate is unstable in concentrated form where it has a tendency to
decompose to form an intractable black solid. Concentration to dryness on the rotary evaporator usually
led to decomposition, which could be avoided by removing the last several mL of solvent using a vacuum
pump.
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2-(1-Azulenyl)-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane (270).
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
60-mL pressure-equalizing addition funnel, and an argon inlet adapter was charged with
rhodium pivalate3 55 (0.018 g, 0.030 mmol, 0.010 equiv) and 55 mL of dichloromethane.
A solution of diazoketone 70 (0.759 g, 3.00 mmol) in 50 mL of dichloromethane was
added dropwise via the addition funnel over 50 min to the rapidly stirred green solution
of rhodium catalyst, and the resulting dark green mixture was stirred at rt for 5 min.
PhNTf2 (1.07 g, 3.00 mmol) was then added in one portion, followed by a solution of 4-
dimethylaminopyridine (1.10 g, 9.00 mmol) in 4 mL of dichloromethane via cannula.
The resulting deep purple solution was stirred for 10 min and then treated with 3 mL of
piperidine. After stirring for an additional 15 min, the reaction mixture was poured into
100 mL of diethyl ether and 75 mL of aq 1 M HCl solution. The organic phase was
separated and washed with two 75-mL portions of aq 1 M HCl solution and 75 mL of
brine, dried over MgSO4, filtered, and used immediately for the next reaction.
The dark purple solution of azulenyl triflate produced in the previous reaction was
concentrated to a volume of ca. 5 mL in a 50-mL, one-necked, round-bottomed flask.
The flask was then equipped with a rubber septum and argon inlet needle and the
355 Rhodium(II) pivalate was prepared by reaction of rhodium(III) chloride with 5.0 equiv of
trimethylacetic acid and 2.0 equiv trimethylacetic acid sodium salt in EtOH (reflux, 3 h) according to the
procedure of Wilkinson, see ref 328.
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remaining solvent was removed with vigorous stirring at 0.02 mmHg.3 56 THF (8.4 mL)
was immediately added to produce a dark purple solution. Pd(OAc)2 (0.034 g, 0.15
mmol, 0.05 equiv), o-(dicyclohexylphosphino)biphenyl (0.21 g, 0.60 mmol, 0.20 equiv),
triethylamine (1.69 mL, 1.22 g, 12.0 mmol), and 6.0 mL of 4,4,5,5-tetramethyl-1,3,2-
dioxaborolane solution (1.0 M in THF, 6.0 mmol) were added, and the dark purple
suspension was stirred at room temperature for 16 h. The resulting deep purple
suspension was diluted with 15 mL of diethyl ether and extracted with 10 mL of H20 and
10 mL of brine, dried over MgSO4, filtered, and concentrated to yield 1.93 g of a deep
purple oil. Column chromatography on 50 g of silica gel (gradient elution 0-5% EtOAc-
hexane) afforded 0.477 g of a purple oil that was repurified on 15 g of silica gel (gradient
elution with 0-3% EtOAc-hexane) to afford 0.368 g (48% overall from diazo ketone 70)
of 270 as a dark purple solid: mp 56-58 °C; IR (CH2Cl 2) 2977, 2930, 1579, 1500, 1436,
1342, and 1136 cm-'; UV (CH2C12) ma 345, and 362 nm; H NMR (500 MHz, CDC13) 8
9.18 (d, J= 9.5 Hz, 1 H), 8.43 (d, J= 9.5 Hz, 1 H), 8.35 (d, J= 3.7 Hz, 1 H), 7.68 (app t,
J= 9.8 Hz, 1 H), 7.38-7.42 (m, 2 H), 7.31 (app t, J= 9.8 Hz, 1 H), and 1.42 (s, 12 H); 13C
NMR (125 MHz, CDC13) 8 147.3, 145.8, 144.8, 138.5, 137.6, 136.9, 136.7, 125.4, 124.9,
119.3, 83.1, and 25.2; HRMS-ESI (m/z) [M+H] cald for C 16H19BO2, 255.1551; found,
255.1555.
356 Though stable in solution, the azulene triflate is unstable in concentrated form where it has a tendency to
decompose to form an intractable black solid. Concentration to dryness on the rotary evaporator usually
led to decomposition, which could be avoided by removing the last several mL of solvent using a vacuum
pump.
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General Procedure A for Suzuki Coupling Reactions of Azulenyl Boronate 270.
4-(1-Azulenyl)acetophenone (296).
A 25-mL, one-necked, pear-shaped flask equipped with a rubber septum and
argon inlet needle was charged with azulenyl boronate 270 (0.168 g, 0.66 mmol), p-
iodoacetophenone (0.108 g, 0.44 mmol), Pd(OAc) 2 (0.005 g, 0.02 mmol, 0.05 equiv), o-
(dicyclohexylphosphino)biphenyl (0.031 g, 0.088 mmol, 0.20 equiv), barium hydroxide
(0.226 g, 1.32 mmol), 2.75 mL of 1,4-dioxane, and 1.65 mL of H20. The rubber septum
was replaced with a reflux condenser fitted with an argon inlet adapter and the suspension
was stirred at 65 C for 15 min. The resulting dark blue-green suspension was cooled to
room temperature, filtered through 1 g of silica gel in a glass pipette with the aid of
diethyl ether, and concentrated to yield 0.357 g of a dark blue-green oil. Column
chromatography on 36 g and then 11 g of silica gel (gradient elution with 5-10% MBTE-
pentane) afforded 0.106 g (98%) of 296 as a dark blue-green semi-solid.
General Procedure B for Suzuki Coupling Reactions of Azulenyl Boronate 270.
4-(1-Azulenyl)acetophenone (296).
A 10-mL, one-necked, pear-shaped flask equipped with a rubber septum and
argon inlet needle was charged with azulenyl boronate 270 (0.076 g, 0.30 mmol), p-
288
iodoacetophenone (0.081 g, 0.33 mmol), Pd(OAc) 2 (0.003 g, 0.02 mmol, 0.05 equiv), o-
(dicyclohexylphosphino)biphenyl (0.021 g, 0.060 mmol, 0.20 equiv), barium hydroxide
(0.154 g, 0.900 mmol), 1.9 mL of 1,4-dioxane, and 1.1 mL of H2 0. The rubber septum
was replaced with a reflux condenser fitted with an argon inlet adapter and the suspension
was stirred at 65 °C for 15 min. The resulting dark blue-green suspension was cooled to
room temperature, filtered through 1 g of silica gel in a glass pipette with the aid of
diethyl ether, and concentrated to yield 0.163 g of a dark blue-green oil. Column
chromatography on 16 g of silica gel (gradient elution with 0-10% EtOAc-hexane)
afforded 0.054 g (73%) of 296 as a dark blue-green semi-solid: IR (CH2C12) 3028, 1675,
1600, 1573, 1397, 1269, and 1183 cm-'; UV (CH 2C12) m, 306, 328, and 383 nm; H
NMR (500 MHz, CDC13) 6 8.60 (d, J= 10.1 Hz, 1 H), 8.40 (d, J = 9.2 Hz, 1 H), 8.10-
8.11 (m, 2 H), 8.07 (d, J= 4.0 Hz, 1 H), 7.73-7.75 (m, 2 H), 7.66 (app t, J= 9.8 Hz, 1 H),
7.48 (d, J = 4.0 Hz, 1 H), 7.24 (app t, J= 9.8 Hz, 2 H), and 2.68 (s, 3 H); '3 C NMR (125
MHz, CDC13) 6 198.1, 142.7, 142.6, 138.8, 137.9, 137.4, 135.8, 135.7, 134.9, 130.0,
129.7, 129.0, 124.3, 124.1, 118.2 and 26.9; HRMS-ESI (m/z) [M+H] cald for C1sH140,
247.1117; found, 247.1111.
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2-(1-Azulenyl)prop-2-en-1-ol (299).
Reaction of azulenyl boronate 270 (0.110 g, 0.29 mmol) with vinyl iodide 298357
(0.053 g, 0.29 mmol) in the presence of Pd(OAc)2 (0.003 g, 0.01 mmol, 0.050 equiv), o-
(dicyclohexylphosphino)biphenyl (0.020 g, 0.058 mmol, 0.20 equiv), and barium
hydroxide (0.149 g, 0.870 mmol) in 1.8 mL of 1,4-dioxane and 1.0 mL H20 according to
general procedure A provided 1.67 g of a blue green oil. Column chromatography on 15
g of silica gel (gradient elution with 10-20% EtOAc-hexane) afforded 0.035 g (66%) of
299 as a green oil.
Reaction of azulenyl boronate 270 (0.277 g, 1.09 mmol) with vinyl iodide 298357
(0.302 g, 1.64 mmol) in the presence of Pd(OAc)2 (0.012 g, 0.055 mmol, 0.050 equiv), o-
(dicyclohexylphosphino)biphenyl (0.076 g, 0.22 mmol, 0.20 equiv), and barium
hydroxide (0.560 g, 3.27 mmol) in 6.0 mL of 1,4-dioxane and 3.6 mL H2 0 according to
general procedure B provided 2.09 g of a dark green oil. Column chromatography on 30
g of silica gel (gradient elution with 10-20% EtOAc-hexane) afforded 0.089 g (44%) of
299 as a green oil: IR (CH2C12) 3356, 2920,, 1570, 1559, 1457, 1419, 1395, and 1050 cm
1; UV (CH2C12)max 280, 238, and 345 nm; H NMR (500 MHz, CDC13) 6 8.64 (d, J=
357 2-Iodo-2-propen-1-ol was prepared by reaction of propargylic alcohol with 1.5 equiv of TMSC1, 1.5
equiv of NaI and 0.5 equiv of H20 in CH3CN (rt, 3 h) according to the procedure of Irifune, see ref 178.
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9.8 Hz, 1 H), 8.33 (d, J= 9.5 Hz, 1 H), 7.91 (d, J= 4.0, 1 H), 7.61 (app t, J= 9.8 Hz, 1
H), 7.38 (d, J= 4.0, 1 H), 7.18 (app q, J= 10.0 Hz, 2 H), 5.64 (app q, J= 1.6 Hz, 1 H),
5.37 (td, J= 0.9 and 1.8 Hz, 1 H), 4.61 (s, 2 H), and 1.72 (s, 1 H); '3 C NMR (125 MHz,
CDC13) 6 143.8, 141.7, 138.5, 137.3, 136.9, 135.8, 135.3, 128.4, 123.6, 123.4, 117.4,
113.6, and 67.0; HRMS-ESI (m/z) [M+H] cald for C13H120, 185.0961; found, 185.0965.
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270 301
3-(1-Azulenyl)cyclohex-2-enone (301).
Reaction of azulenyl boronate 270 (0.057 g, 0.22 mmol) with vinyl iodide 300358
(0.33 g, 0.15 mmol) in the presence of Pd(OAc)2 (0.002 g, 0.008 mmol, 0.050 equiv), o-
(dicyclohexylphosphino)biphenyl (0.011 g, 0.030 mmol, 0.20 equiv), and barium
hydroxide (0.077 g, 0.45 mmol) in 1.0 mL of 1,4-dioxane and 0.5 mL H20 according to
general procedure A provided 0.093 g of a dark green oil. Column chromatography on
10 g of silica gel (gradient elution with 20-25% EtOAc-hexane) afforded 0.027 g (82%)
of 301 as a dark green solid.
Reaction of azulenyl boronate 270 (0.229 g, 0.900 mmol) with vinyl iodide 300358
(0.306 g, 1.35 mmol) in the presence of Pd(OAc)2 (0.010 g, 0.045 mmol, 0.050 equiv), o-
(dicyclohexylphosphino)biphenyl (0.063 g, 0.18 mmol, 0.20 equiv), and barium
hydroxide (0.463 g, 2.70 mmol) in 5.0 mL of 1,4-dioxane and 3.0 mL H20 according to
general procedure B provided 0.578 g of a dark green oil. Column chromatography on
30 g of silica gel (elution with 20% EtOAc-hexane) afforded 0.073 g (37%) of 301 as a
dark green solid: mp 62-63 C; IR (CH 2C12) 2943, 1646, 1575, 1395, 1250, and 1186
cm-'; UV (CH2C12) ax () 249 (33,933), 280 (20,898), 316 (22,795), 328 (21,890) and
358 3-Iodo-cyclohex-2-enone was prepared by reaction of 1 ,3-cyclohexanedione with 1.1 equiv of PPh3-I 2
and 1.1 equiv of Et3N in CH3CN (rt, 5 d) according to the procedure of Piers, see ref 179.
294
392 (19,824) nm; lH NMR (500 MHz, CDC13) 6 8.73 (d, J= 9.9 Hz, 1 H), 8.38 (d, J=
9.6 Hz, 1 H), 8.03 (d, J= 4.1 Hz, 1 H), 7.70 (t, J= 9.8 Hz, 1 H), 7.41 (d, J= 4.1 Hz, 1 H),
7.27-7.33 (m, 2 H), 6.47 (s, 1 H), 2.97 (t, J= 5.8 Hz, 2 H), 2.58 (t, J= 6.71 Hz, 2 H), and
2.22-2.27 (m, 2 H); 3C NMR (125 MHz, CDC13): 6 199.9, 157.2, 143.9, 139.3, 138.1,
136.7, 136.45, 136.48, 128.6, 126.0, 125.6, 125.3, 118.6, 37.7, 31.2, and 23.3; HRMS-
ESI (m/z) [M+H] cald for C16H140, 223.1117; found, 223.1116.
295
--j O
= - - A,~~~= 
-- j -- X W
i - 19
_1
--- oD
0
Co
m
Ea
-H
-ef
-
-m
- L
r
-- W
-
296
1
i
1
0 
0
~BO / -' -
270 326
1 '-Trimethylacetoxy-1,4'-biazulene (326).
Reaction of azulenyl boronate 270 (0.197 g, 0.775 mmol) with azulenyl iodide
107 (0.274 g, 0.775 mmol) in the presence of Pd(OAc)2 (0.009 g, 0.04 mmol, 0.05 equiv),
o-(dicyclohexylphosphino)biphenyl (0.054 g, 0.16 mmol, 0.20 equiv), and barium
hydroxide (0.398 g, 2.33 mmol) in 4.3 mL of 1,4-dioxane and 2.6 mL H20 at 45 C for
30 min according to the general procedure B provided 0.616 g of a dark green oil.
Purification by preparative HPLC on a Waters Prep Nova Pak HR column (6 g silica, 19
mm x 30 cm; gradient elution with 5-10% EtOAc-hexane) afforded 0.073 g (27%) of
326 as a green oil: IR (CH2C12) 2973, 1749, 1546, 1495, 1394, 1274, and 1117 cm 1'; UV
(CH2C12) max () 240 (27,893), 278 (45,314), and 424 (5,768) nm; 1H NMR (500 MHz,
CDC13) 8 8.46 (d, J= 9.5 Hz, 1 H), 8.36 (d, J= 9.8 Hz, 1 H), 8.30 (d, J= 9.5 Hz, 1 H),
8.22 (d, J = 4.0 Hz, 1 H), 7.72 (d, J= 4.3 Hz, 1 H), 7.66 (app t, J= 9.6 Hz, 1 H), 7.59
(app t, J= 9.8 Hz, 1 H), 7.54 (d, J= 3.7 Hz, 1 H), 7.35 (d, J= 10.4 Hz, 1 H), 7.27 (t, J=
9.8 Hz, 1 H), 7.08-7.15 (m, 2 H), 7.00 (d, J= 4.6 Hz, 1 H), and 1.52 (s, 1 H); ' 3C NMR
(125 MHz, CDC13) 177.1, 147.6, 142.1, 138.93, 138.85, 138.6, 137.7, 136.90, 136.85,
136.0, 134.0, 132.5, 131.9, 127.8, 126.93, 126.86, 124.1, 123.9, 120.6, 117.6, 115.1, 39.6,
and 27.7; HRMS-ESI (m/z) [M+H] cald for C15H2202, 355.1693; found, 355.1685.
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270 253
[1,1',3',1 ']-Terazulene (253).
Reaction of azulenyl boronate 270 (0.259 g, 1.02 mmol) with 1,3-diiodoazulene35 9
(0.194 g, 0.51 mmol) in the presence of Pd(OAc)2 (0.006 g, 0.026 mmol, 0.05 equiv), o-
(dicyclohexylphosphino)biphenyl (0.035 g, 0.100 mmol, 0.20 equiv), and barium
hydroxide (0.262 g, 1.53 mmol) in 2.8 mL of 1,4-dioxane and 1.7 mL H20 according to
the general procedure B provided 0.259 g of a green oil. Column chromatography on 26
g of silica gel (gradient elution with 0-2% EtOAc-hexane) afforded 0.165 g of a green
solid that was repurified on 8 g of silica gel (gradient elution with 0-5% EtOAc-hexane)
to afford 0.135 g (69%) of 253 as a metallic green solid with spectral data consistent with
that previously reported for this compound:'48 mp 97-98 C; IR (CH2C12) 1569, 1447,
and 1393 cm-'; UV (CH2C12) max () 242 (186,900), 264 (240,372), 312 (190,778), and
400 (93,016) nm; iH NMR (500 MHz, CDC13) 6 8.50 (d, J= 9.5 Hz, 2 H), 8.41 (d, J=
9.5 Hz, 4 H), 8.36 (s, 1 H), 8.22 (d, J= 3.4 Hz, 2 H), 7.54-7.62 (m, 5 H), 7.18 (d, J= 9.6
Hz, 2 H), 7.07 (app td, J= 9.8, 20.8 Hz, 4 H); 13C NMR (125 MHz, CDC13) 6 141.7,
139.9, 139.2, 138.8, 138.5, 137.9, 137.3, 136.9, 136.8, 136.6, 126.6, 126.3, 123.15,
359 1,3-Diiodoazulene was prepared by reaction of azulene with 2.1 equiv of NIS in methylene chloride (rt,
12 h) according to the procedure of Hafner, see ref 152a.
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123.11, 117.9 (missing one carbon due to overlap); HRMS-ESI (m/z) [M+] cald for
C30H20, 380.1560; found, 380.1558.
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1-Trimethylacetoxy-4-trimethylstannylazulene (328).
A threaded Pyrex tube (ca. 20 mL capacity) equipped with a rubber septum and
argon inlet needle was charged with azulenyl iodide 107 (0.350 g, 0.990 mmol),
hexamethylditin (0.518 g, 1.58 mmol), (Ph3P)4Pd (0.114 g, 0.0990 mmol, 0.100 equiv),
and 9 mL of toluene. The solution was degassed by four freeze-pump-thaw cycles (-196
°C, 0.02 mmHg), and the tube was then sealed under argon with a threaded Teflon cap.
The reaction mixture was heated in an oil bath at 120 °C for 24 h. The resulting blue
suspension was allowed to cool to room temperature, filtered through 5 g of silica gel
with the aid of 75 mL of diethyl ether, and concentrated to yield 0.635 g of a blue oil.
Column chromatography on 30 g of silica gel (gradient elution with 0-5% EtOAc-
hexane) afforded 0.339 g (88%) of 328 as a blue solid: mp 51-53 C; IR (CH 2C 2) 2975,
1751, 1480, 1396, 1275, and 1118 cm'l; UV (CH2C1 2) ,x (£) 246 (21,919), 285
(35,105), and 347 (5,057) nm; H NMR (500 MHz, CDC13) 8 8.17 (d, J= 9.5 Hz, 1 H),
7.84 (d, J= 4.3 Hz, 1 H), 7.49 (app t, J= 9.8 Hz, 1 H), 7.31 (d, J = 9.8 Hz, 1 H), 7.23 (d,
J= 4.1 Hz, 1 H), 7.05 (app t, J= 9.5 Hz, 1 H), 1.48 (s, 9 H) and 0.50 (s, 9 H); 13 C NMR
(125 MHz, CDC13) 6 177.0, 161.8, 141.1, 138.1, 136.9, 132.2, 130.0, 127.4, 125.4, 121.8,
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116.2, 39.6, 27.7, and -7.2; HRMS-ESI (m/z) [M+H] cald for C18H24 02Sn, 393.0871;
found, 393.0859.
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1,1 '-Bis(trimethylacetoxy)-4,4'-biazulene (332).
A 25-mL, two-necked, round-bottomed flask equipped with a rubber septum and
an argon inlet adapter was charged with azulenyl stannane 328 (0.175 g, 0.450 mmol),
CuCI (0.111 g, 1.12 mmol), and 5.0 mL of dimethylformamide. The resulting blue
suspension was stirred at room temperature for 3 h. The resulting turquoise suspension
was diluted with 20 mL of diethyl ether and washed with two 1 O-mL portions of H20 and
10 mL of brine. The combined aqueous layers were back extracted with two 10-mL
portions of diethyl ether and the combined organic layers were dried over MgSO4,
filtered, and concentrated to yield 0.230 g of a turquoise oil. Column chromatography on
12 g of silica gel (gradient elution with 0-5% EtOAc-hexane) afforded 0.088 g (86%) of
332 as a turquoise solid: mp 200-201 C; IR (CH2C12) 2974, 1751, 1555, 1498, 1396,
1275, and 1156 cm-'; UV (CH2C12) Xmax () 247 (62,915), 278 (81,548), 349 (11,119),
and 369 (7,632) nm; 1H NMR (500 MHz, CDC13) 8 8.31 (d, J= 9.6 Hz, 2 H), 7.67 (d, J=
4.4 Hz, 2 H), 7.61 (app t, J= 10.0 Hz, 2 H), 7.22 (d,J = 10.4 Hz, 2 H), 7.15 (app t,.J=
9.6 Hz, 2 H), 6.80 (d, J= 4.3 Hz, 2 H), and 1.49 (s, 18 H); 13C NMR (125 MHz, CDC13)
305
__·
6 176.9, 151.0, 139.0, 137.7, 133.0, 132.7, 128.0,.127.8, 125.2, 121.6, 114.5, 39.7, and
27.6; HRMS-ESI (m/z) [M+] cald for C30H300 4, 454.2139; found, 454.2157.
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107 337
5,5'-Bis(1-trimethylacetoxyazulen-4-yl)-2,2'-bithiophene (337).
A 10-mL, one-necked, round-bottomed flask equipped with a rubber septum and
argon inlet needle was charged with azulenyl iodide 107 (0.143 g, 0.400 mmol), 5,5'-
bis(trimethylstannyl)-2,2'-bithiophene 3 60 (0.099 g, 0.20 mmol), (Ph 3P)4Pd (0.023 g, 0.020
mmol, 0.10 equiv), and 3.6 mL of toluene. The rubber septum was replaced with a reflux
condenser fitted with an argon inlet adapter and the suspension was heated at reflux for
24 h. The resulting dark green suspension was allowed to cool to room temperature,
filtered through 5 g of silica gel With the aid of 100 mL of methylene chloride, and
concentrated to yield 0.192 g of a dark green oil. Column chromatography on 20 g of
silica gel (gradient elution with 0-10% CH2Cl2-benzene) afforded 0.091 g (73%) of 337
as a dark green solid: mp 218-219 C; IR (CH2C12) 2973, 1750, 1506, 1274, 1117. and
751 cm-'; UV (CH2C12) ,, () 244 (85, 407), 286 (129, 967), and 424 (53,225) nm; 'H
NMR (500 MHz, CDC13) 8 8.24 (d, J= 9.4 Hz, 2 H), 7.82 (d, J= 4.4 Hz, 2 H), 7.62 (d, J
= 4.4 Hz, 2 H), 7.58 (app t, J= 10.1 Hz, 2 H), 7.50 (d, J= 3.7 Hz, 2 H), 7.32-7.36 (m, 4
H), 7.06 (app t, J= 9.6 Hz, 2 H), and 1.50 (s, 18 H); 3 C NMR (125 MHz, CDC13) 6
176.9, 143.6, 143.1, 139.6, 138.7, 137.4, 132.8, 132.0, 129.8, 127.7, 127.6, 125.9, 124.4,
360 5,5'-Bis(trimethylstannyl)-2,2'-bithiophene was prepared by Phoebe Kwan by the reaction of 2,2'-
dithiophene with nBuLi and trimethylstannylchloride. I would like to thank Phoebe Kwan (Swager Lab)
for supplying a sufficient amount of 5,5'-bis(trimethylstannyl)-2,2'-bithiophene to investigate this reaction.
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121.1, 114.6, 39.7, and 27.7; HRMS-ESI (m/z) [M+] cald for C38H3404S2, 618.1893;
found, 618.1894.
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107 360 361
(Z)-2-Acetylamino-3-[1-trimethylacetoxyazulen-4-yll-acrylic acid methyl ester (360)
and (E)-2-Acetylamino-3-[1-trimethylacetoxyazulen-4-yl]-acrylic acid methyl ester
(361).
A 25-mL, one-necked, round-bottomed flask equipped with a rubber septum and
an argon inlet needle was charged sequentially with azulenyl iodide 107 (0.584 g, 1.65
mmol), Pd(OAc)2 (0.010 g, 0.045 mmol, 0.030 equiv), tetraethylammonium chloride
(0.249 g, 1.50 mmol), 6.5 mL of dimethylacetamide, N,N-dicyclohexylmethylamiine
(0.440 g, 0.480 mL, 2.25 mmol), and methyl-2-acetamidoacrylate 361 (0.215 g, 1.50
mmol). The rubber septum was replaced with a reflux condenser fitted with an argon
inlet adapter and the suspension was stirred at 65 C for 48 h. The resulting blue
suspension was allowed to cool to room temperature, diluted with 20 mL of diethyl ether,
washed with two 15-mL portions of H2 0 and 15 mL of brine, dried over MgSO4, filtered,
and concentrated to yield 0.979 g of a blue oil. Column chromatography on 90 g of silica
gel (elution with 40-60% EtOAc-hexane) afforded 0.393 g (71%) of 5:1 mixture of
360:361 as a blue solid:362 mp: 59-61 C; IR (CH2C 2 ) 2975, 1734, 1675, 1506, 1437,
1369, 1275, 1119, and 1036 cm-'; UV (CH2Cl 2) ,x 244, 285, and 623 nm; 1H NMR
361 Methyl-2-acetamidoacrylate was prepared by reaction of methyl pyruvate with 2.0 equiv of acetamide in
benzene (reflux, 2.5 h) according to the procedure of Yokoyama, see ref 225.
362 This mixture can be partially separate on preparative HPLC (Waters Prep Nova Pak HR column, 6 t
silica, 19 mm x 30 cm; gradient elution with 40-60% EtOAc-hexane).
311
(500 MHz, CDC13) 6 8.69 (s, 1 H), 8.21 (d, J = 9.2, 1 H), 8.18 (d, J = 9.8 Hz, 1 H), 7.80
(d, J = 4.3 Hz, 1 H), 7.72-7.77 (m, 3 H), 7.55 (app t, J = 10.1 Hz, 1 H), 7.50 (app t, J =
10.4 Hz, 1 H), 7.21-7.23 (m, 2 H), 7.08-7.13 (m, 2 H), 6.97-7.06 (m, 3 H), 3.93 (s, 3 H),
3.37 (s, 3 H), 2.21 (s, 3 H), 1.91 (br s, 3 H), and 1.48 (s, 18 H); 13C NMR (125 MHz,
CDC13) 6 177.0, 176.9, 169.2, 168.7, 165.2, 164.9, 145.8, 142.5, 139.3, 138.8, 137.7,
136.8, 132.5, 132.1, 131.9, 131.7, 129.3, 129.1, 128.1, 127.6, 127.5, 127.1, 125.9, 124.7,
123.2, 122.3, 121.2, 112.5, 112.0, 53.2, 52.7, 39.65, 39.62, 27.62, 27.60, 25.0, and 23.2
(1 carbon missing due to overlap); HRMS-ESI (m/z) [M+Na] cald for C2 1H23NO5,
392.1468; found, 392.1451.
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360 361 372
2-Acetylamino-3-(1-trimethylacetoxyazulen-4-yl)-propionic acid methyl ester (372).
A 500-mL Parr hydrogenation bottle was charged with a 5:1 mixture of azulenyl
pivalates 360 and 361 (0.080 g, 0.22 mmol), (PPh3)3RhCl (0.030 g, 0.032 mmol, 0.15
equiv), and 20 mL of degassed ethanol. The bottle was evacuated and filled with
hydrogen three times, and then shaken under 95 psi of hydrogen for 24 h. The reaction
mixture was then concentrated to yield 0.115 g of a blue oil. Column chromatography on
10 g of silica gel (elution with 5-10% IPA-hexane) afforded 0.057 g (71%) of 372 as a
blue oil:363 IR (CH2C12) 3282, 2973, 1748, 1658, 1562, 1504, 1372, 1276, 1217, 1122, and
1036 cm1-; UV (CH 2C12) kmax 245, 285, and 348 nm; 1H NMR (500 MHz, CDCl 3) 6 8.19
(d, J = 9.5 Hz, 1 H), 7.79 (d, J = 4.6 Hz, 1 H), 7.51 (app t, J = 10.1 Hz, 1 H), 7.39 (d, J =
4.6 Hz, 1 H), 7.05 (app t, J = 9.6 Hz, 1 H), 6.99 (d, J = 10.4 Hz, 1 H), 6.01 (d, J = 7.6 Hz,
1 H), 5.06 (q, J = 6.9 Hz, 1 H), 3.66 (dd, J = 1.5, 6.7 Hz), 3.59 (s, 3 H), 1.91 (s, 3H), and
1.48 (s, 9 H); 13C NMR (125 MHz, CDC13) 6 176.9, 172.2, 169.9, 145.7, 139.2, 137.7,
133.9, 132.6, 127.2, 127.0, 125.7, 121.5, 111.4, 53.7, 52.6, 39.64, 39.61, 27.6, and 23.4;
HRMS-ESI (m/z) [M+Na] cald for C21H25N0 5, 394.1625; found, 394.1607.
363 The enantiomers can be separated with chiral HPLC using Daicel Chiracel OD (elution with 10% IPA-
hex).
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478
Methyl N-methylcarbamate (478).
A 250-mL, round-bottomed flask equipped with a rubber septum was charged
with 27 mL of methylamine (2.0 M in THF, 54 mmol), 100 mL of dichloromethane, and
triethylamine (5.9 g, 8.1 mL, 58 mmol). The reaction mixture was cooled to 0 °C and
methyl chloroformate (5.5 g, 4.5 mL, 58 mmol) was added dropwise via syringe over 2
min. The reaction mixture was stirred at 0 °C for 1 h and then allowed to warm to rt over
3 h. The resulting light yellow solution was diluted with 100 mL of dichloromethane and
washed with two 100-mL portions of aq 10% HCl solution and 100 mL of brine, dried
over Mg 2SO4, filtered, and concentrated to yield 2.17 g of a yellow oil. Column
chromatography on 50 g of silica gel (gradient elution with hexane- 20% EtOAc-hexane)
afforded 1.72 g (43%) of 478 as a colorless oil with spectral data consistent with that
previously reported for this compound:3 4 IR (thin film) 3348, 2953, 1710, 1543, 1420,
1271, 1196, 1145, 1004 and 909 cm'l; IH NMR (500 MHz, CDC13) 6 5.37 (br s, 1 H),
5.25 (br s, minor rotamer) 3.51 (s, minor rotamer), 3.45 (s, 3 H), 2.59 (s, 3 H), and 2.57
(s, minor rotamer); 13C NMR (125 MHz, CDC13): 6 157.9, 52.0, and 27.5.
364 Anbazhagan, M.; Reddy, T. I.; Rajappa, S. J Chem. Soc. Perkin Trans. 1997, 1623.
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N-(Methoxycarbonyl)-N-octynyl methylamine (476).
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and addition funnel fitted with rubber septum and argon inlet needle was
charged with carbamate 478 (0.563 g, 7.50 mmol) and 30 mL of pyridine. The solution
was cooled at 0 °C while 8.20 mL of KHMDS solution (0.90 M in THF, 7.50 mmol) was
added via syringe over 1 min, and the resulting mixture was stirred at 0 °C for 10 min. A
solution of CuI (1.43 g, 7.50 mmol) in 14 mL of pyridine was added via cannula in one
portion (1-mL pyridine rinse). The ice bath was removed, and the resulting solution was
stirred at rt for 2 h. A solution of bromo alkyne 479365 (25.0 mL, 0.60 M in benzene, 15.0
mmol) was then added via the addition funnel over 1 h, and the resulting dark brown
suspension was stirred at rt for 24 h. The reaction mixture was diluted with 200 mL of
Et20O and washed with three 100-mL portions of a 2:1 mixture of satd NaCl and conc
NH40H solution. The combined aqueous layers were extracted with four 75-mL portions
of Et2O, and the combined organic layers were dried over MgSO4, filtered, and
concentrated to give 2.74 g of a brown oil. Column chromatography on 120 g of silica
gel (gradient elution with 0-5% EtOAc-hexanes) provided 0.845 g (57%) of ynamide 476
as a colorless oil: IR (thin film) 3584, 2956, 2930, 2858, 2265, 1729, 1446, 1377, 1322,
365 Alkynyl bromide 479 was prepared by Josh Dunetz from octyne, AgNO3, and NBS according to the
procedure of Hofmeister and co-workers: Hofmeister, H.; Annen, K.; Laurent, H.; Wiechert, R. Angew.
Chem., Int. Ed. Engl. 1984, 23, 727. I would like to thank Josh for supplying a sufficient amount of
material to study this reaction.
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1304, 1197, and 1165 cm'l; H NMR (500 MHz, CDC13) 6 3.80 (s, 3 H), 3.14 (s, 3 H),
2.29 (t, J= 7.2 Hz, 2 H), 1.49-1.56 (m, 2 H), 1.26-1.42 (m, 6 H), 0.90 (s, 3 H); 13C NMR
(125 MHz, CDC13): 6 156.6, 54.1, 38.2, 31.8, 31.6, 29.2, 28.7, 22.8, 18.7, 14.4, and 14.3;
HRMS-ESI (m/z) [M+Na] cald for C 11HgNO 2, 220.1308; found, 220.1310.
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N-(Methoxycarbonyl)-N-[3-methyl-3-buten-1-ynyl]-2-propenylamine (492).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and addition funnel fitted with rubber septum and argon inlet needle was
charged with carbamate 490366 (0.345 g, 3.00 mmol) and 12 mL of pyridine. The solution
was cooled at 0 C while 3.30 mL of KHMDS solution (0.90 M in THF, 3.00 mmol) was
added via syringe over 1 min, and the resulting mixture was stirred at 0 C for 10 min. A
solution of CuI (0.551 g, 3.00 mmol) in 4 mL of pyridine was added via cannula in one
portion (1-mL pyridine rinse). The ice bath was removed, and the resulting solution was
stirred at rt for 2 h. A solution of bromo alkyne 491367 (10.0 mL, 0.60 M in benzene, 6.0
mmol) was then added via the addition funnel over 1 h, and the resulting dark brown
suspension was stirred at rt for 24 h. The reaction mixture was diluted with 100 mL of
Et2O and washed with three 50-mL portions of a 2:1 mixture of satd NaCl and conc
NH40H solution. The combined aqueous layers were extracted with four 75-mL portions
of Et2O, and the combined organic layers were dried over MgSO4, filtered, and
concentrated to give 0.336 g of a dark brown oil. Column chromatography on 30 g of
366 Carbamate 490 was prepared by Tammy Lam from allylamine and methyl chlorofomate according to
the procedure of Kozmin: Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H. J. Am. Chem. Soc. 2002,
124, 4628. I would like to thank Tammy for supplying a sufficient amount of this compound to study this
reaction.
367 Alkynyl bromide 491 was prepared by Josh Dunetz from the corresponding alkyne, AgNO3, and NBS
according to the procedure of Hofmeister and co-workers: Hofmeister, H.; Annen, K.; Laurent, H.;
Wiechert, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 727. I would like to thank Josh for supplying a
sufficient amount of compound to study this reaction.
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silica gel (gradient elution with 0-5% EtOAc-hexanes) provided 0.201 g (37%) of
ynamide 492 as an orange oil: IR (thin film) 3456, 2958, 2257, 1732, 1445, 1368, 1303,
1245, and 1150 cm-1; H NMR (300 MHz, CDC13) 6 5.82-5.95 (m, 1H), 5.12-5.34 (m, 4
H), 4.10 (td, J= 1.3, 6.1 Hz, 2 H), 3.83 (s, 3 H), and 1.91 (dd, J= 1.0, 1.5 Hz, 3 H); 3C
NMR (125 MHz, CDC13): 6 155.5, 131.7, 126.5, 119.6, 118.9, 82.2, 72.3, 54.3, 52.9, and
23.9; HRMS-ESI (m/z) [M+Na] cald for Cl0H13NO2 , 202.0838; found, 202.0844.
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5-Bromo-pent-l-ene-4-yne (494).
A 250-mL, round-bottomed flask equipped with a rubber septum was charged
with trimethylsilylacetylene 493368 (6.0 g, 43 mmol), N-bromosuccinimide (8.5 g, 48
mmol), AgNO 3 (1.5 g, 9.0 mmol), and 130 mL of acetone. The reaction mixture was
stirred in the dark at rt for 22 h. The resulting light yellow solution was diluted with 300
mL of pentane and washed with five 100-mL portions of saturated aq Na2S 20 3 solution.
The combined aqueous layers were extracted with three 100-mL portions of pentane.
The combined organic portions were dried over Mg2SO4, filtered, and concentrated on
the rotary evaporator at ca. 100 mmHg to yield 7.56 g of yellow oil. Kugelrohr
distillation (10-20 mm Hg, oven temperature of 90-100 °C, recovery flask cooled at -78
°C) afforded 3.94 g of a mixture of 494 and 493 (60: 40 ratio), and an unidentified silyl
byproduct. A sample of 494 contaminated only slightly with pentane and the unidentified
silyl byproduct was obtained for spectral characterization of 494:369 IR (CDC13) 2254,
1077, 1006, and 895 cm-l; H NMR (300 MHz, CDC13) 6 5.74-5.86 (m, 1 H), 5.53 (app
qd, J= 1.7, 17.0 Hz, 1 H), 5.15 (app qd, J= 1.6, 10.0 Hz, 1 H), and 3.00 (app td, J = 1.8,
5.3 Hz, 2 H); 13C NMR (75 MHz, CDC13): 6 131.8, 116.8, 77.1, 40.6 and 24.2.
368 Trimethyl-pent-4-en-1-ynyl-silane was prepared by reaction of trimethylsilylacetylene with 1.2 equiv
EtMgBr and 1.5 equiv of allyl bromide in THF according to the procedure of Nefedov, see ref 304.
369 Xiao Yin Mak has found that adding two equivalents of water to this reaction mixture causes the
reaction to go to completion; however, the alkynyl bromide 494 is not obtained cleanly, as its volatility
prevents full isolation from pentane and the unidentified silyl byproduct. A sample of this mixture was
used for spectral characterization.
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N-(Methoxycarbonyl)-N-[4-penten-1-ynyll-2-propenylamine (495).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and addition funnel fitted with rubber septum and argon inlet needle was
charged with carbamate 490370 (0.554 g, 4.81 mmol) and 18 mL of pyridine. The solution
was cooled at 0 °C while 5.34 mL of KHMDS solution (0.90 M in THF, 4.81 mmol) was
added via syringe over 1 min, and the resulting mixture was stirred at 0 °C for 10 min. A
solution of CuI (0.916 g, 4.81 mmol) in 7 mL of pyridine was added via cannula in one
portion (-mL pyridine rinse). The ice bath was removed, and the resulting solution was
stirred at rt for 2 h. A solution of bromo alkyne 494371 (15.77 mL, ca. 0.61 M in benzene,
ca. 9.62 mmol) was then added via the addition funnel over 1 h, and the resulting dark
brown suspension was stirred at rt for 24 h. The reaction mixture was diluted with 100
mL of Et20O and washed with three 50-mL portions of a 2:1 mixture of satd NaCl and
conc NH4OH solution. The combined aqueous layers were extracted with four 75-mL
portions of Et2O, and the combined organic layers were dried over MgSO4, filtered, and
concentrated to give 0.895 g of a yellow oil. Column chromatography on 40 g of silica
370 Carbamate 490 was prepared by Tammy Lam from allylamine and methyl chloroformate according to
the procedure of Kozmin: Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H. J. Am. Chem. Soc. 2002,
124, 4628. I would like to thank Tammy for supplying a sufficient amount of this material to study this
reaction.
371 Although ca. 0.61 M with respect to bromo alkyne 494, this solution was partially contaminated with
trimethylsilyl alkyne 493 and an unidentified silyl impurity.
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gel (gradient elution with 0-5% EtOAc-hexanes) provided 0.334 g (39%) of ynamide 495
as a colorless oil: IR (thin film) 3395, 2957, 2239, 1729, 1446, 1388, 1280, 1235, and
1152 cm-'; H NMR (300 MHz, CDC13) 6 5.79-5.95 (m, 2 H), 5.22-5.38 (m, 3 H), 5.09-
5.15 (m, 1 H), 4.07 (d, J= 5.8 Hz, 2 H), 3.82 (s, 3 H), and 3.09 (td, J= 1.9, 5.2 Hz, 2 H);
13C NMR (125 MHz, CDC13): 6 156.1, 133.0, 131.9, 118.5, 116.0, 76.1, 66.7, 54.1, 52.7,
and 22.9; HRMS-ESI (m/z) [M+H] cald for C1 0H 13NO2, 180.1019; found, 180.1019.
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Methyl N-homoallylcarbamate (497). 372
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
reflux condenser fitted with an argon inlet adapter, and argon inlet adapter was charged
with 4-pentenoic acid (496) (2.94 g, 3.00 mL, 29.4 mmol), 50 mL of toluene, and
triethylamine (4.33 g, 5.97 mL, 42.8 mmol). Diphenylphosphorylazide (11.8 g, 9.22 mL,
42.8 mmol) was added dropwise over 1 min via syringe. The septum was replaced with a
glass stopper and the reaction mixture was stirred at 80 °C for 2 h. The reaction mixture
was then cooled to 50 °C and methanol (13.7 g, 17.3 mL, 428 mmol) was added in one
portion. The reaction mixture was stirred at 50 C for 16 h. The resulting yellow
solution was concentrated to ca. 5 mL, diluted with 40 mL of Et2O, and washed with 30
mL of H20. The aqueous layer was back extracted with three 20-mL portions of Et20.
The combined organic phases were washed with 20 mL of brine, dried over MgSO4,
filtered, and concentrated to yield 5.36 g of a light orange oil. Column chromatography
twice on 100 g of silica gel (elution first with 30% EtOAc-hexane, and then gradient
elution with hexane-15% EtOAc-hexane) afforded 1.19 g (31%) of 497 as a colorless oil
with spectral data consistent with that previously reported for this compound:3 73 IR (thin
film) 3450, 3345, 2948, 1713, 1522, 1259, 1193, and 910 cm-'; H-NMR (500 MHz,
372 This procedure was adapted from the method of Capson and Poulter, see: Capson, T. L.; Poulter, C. D.
Tetrahedron Lett. 1984, 25, 3515.
373 Moineau, C.; Mele, G.; Alper, H. Can. J. Chem., 1991, 79, 587.
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CDC13) 6 5.72-5.80 (m, 1 H), 5.08-5.13 (m, 2 H), 4.71 (br s, 1 H), 3.66 (s, 3 H), 3.26 (
app q, J= 6.3 Hz, 2 H), 2.26, and (app q, J= 6.6 Hz, 2 H); 13C NMR (125 MHz, CDC13):
6 157.2, 135.3, 117.5,,52.3, 40.2, and 34.4.
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N-(Methoxycarbonyl)-N-[5-hexen-1-ynyll-2-propenylamine (498).
A 100-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and addition funnel fitted with rubber septum and argon inlet needle was
charged with carbamate 497 (0.775 g, 6.00 mmol) and 20 mL of pyridine. The solution
was cooled at 0 °C while 6.67 mL of KHMDS solution (0.90 M in THF, 6.00 mmol) was
added via syringe over 1 min, and the resulting mixture was stirred at 0 °C for 10 min. A
solution of CuI (1.14 g, 6.00 mmol) in 9 mL of pyridine was added via cannula in one
portion (1-mL pyridine rinse). The ice bath was removed, and the resulting solution was
stirred at rt for 2 h. A solution of bromo alkyne 494374 (15.0 mL, ca. 0.61 M in benzene,
ca. 9.00 mmol) was then added via the addition funnel over 1 h, and the resulting dark
brown suspension was stirred at rt for 24 h. The reaction mixture was diluted with 200
mL of Et2O and washed with three 100-mL portions of a 2:1 mixture of satd NaCl and
conc NH4 OH solution. The combined aqueous layers were extracted with four 100-mL
portions of Et2O, and the combined organic layers were dried over MgSO4, filtered, and
concentrated to give 1.22 g of a yellow oil. Column chromatography on 50 g of silica gel
(gradient elution with 0-5% EtOAc-hexanes) provided 0.495 g (43%) of ynamide 498 as
374 Bromo alkyne 494 was prepared by Xiao Yin Mak from trimethylsilyl alkyne 493, NBS, and water.
Although ca. 0.61 M with respect to bromo alkyne 494, this solution was partially contaminated with
pentane and an unidentified silyl impurity. I would like to thank Xiao Yin for supplying a sufficient
amount of this material for the reaction.
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a colorless oil: IR (thin film) 3394, 2956, 2260, 1726, 1642, 1446, 1391, 1291, 1249,
1154, and 915 cm-'; H NMR (500 MHz, CDC13) 6 5.77-5.89 (m, 2 H), 5.35 (qd, J= 1.8,
16.8 Hz, 1 H), 5.06-5.16 (m, 2 H), 3.80 (s, 3 H), 3.54 (t, J= 7.0 Hz 2 H), 3.11 (td, J = 1.8,
5.2 Hz, 2 H), and 2.43 (q, J= 7.1 Hz, 2 H); 13C NMR (125 MHz, CDC13): 6 156.2, 134.3,
132.9, 117.3, 115.8, 76.7, 74.4, 53.9, 49.2, 32.0, and 22.8; HRMS-ESI (m/z) [M+H] cald
for C lHs5NO2 , 194.1176; found, 194.1170.
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N-(Methoxycarbonyl)-N-methyl-[5-butyl-2-hexyl-3-hydroxyphenyll-amine (477).
Procedure A (Thermal Benzannulation).
A 5-mL, pear-shaped flask equipped with a rubber septum was charged with
cyclobutenone 437375 (0.025 g, 0.20 mmol), ynamide 476 (0.039, 0.20 mmol), and 0.2 mL
of benzene. The septum was replaced with a cold finger condenser and the reaction
mixture was stirred at 80 C for 24 h. The reaction mixture was allowed to cool to rt and
concentrated to yield 0.063 g of a yellow oil. This material was diluted with 3.0 mL of
MeOH and 3.0 mL of 5 M KOH solution, and transferred to a 25 mL flask equipped with
a reflux condenser fitted with an argon inlet adapter. The reaction mixture was heated at
reflux for 18 h, and then allowed to cool to rt, acidified with 5 mL of 10% HC1 solution,
and extracted with 20 mL of Et2O. The organic layer was washed with 10 mL of satd
NaHCO3 solution and 10 mL of satd NaCl solution, and the combined aqueous layers
were back extracted with two 10-mL portions of Et2O. The combined organic layers
were dried over MgSO4, filtered, and concentrated to give 0.058 g of a yellow oil.
Column chromatography on 5 g of silica gel (gradient elution with 10-15% EtOAc-
hexanes) provided 0.044 g (69%) of aniline 477 as a white solid.
375 3-Butylcyclobutenone was prepared via a two step method involving (1) a [2+2] cycloaddition of 1-
hexyne with dichloroketene and (2) reductive chlorination with zinc as described by Danheiser, see ref 294.
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Procedure B (Photochemical Benzannulation).
A 5-mL Vycor tube equipped with a rubber septum was charged with
cyclobutenone 437374 (0.025 g, 0.20 mmol), ynamide 476 (0.059, 0.30 mmol), and 0.4 mL
of toluene. The solution was then degassed by three freeze-pump-thaw cycles (-196 C,
0.02 mmHg). The reaction mixture was irradiated at 254 nm for 14 h in a Rayonet
photochemical reactor. The reaction mixture was then concentrated to give 0.148 g of a
yellow oil. Column chromatography on 5 g of silica gel (elution with 10% EtOAc-
hexanes) provided 0.042 g (66%) of aniline 477 as a white solid.
Procedure C (Microwave-Promoted Benzannulation).
A 5-mL microwavable glass tube equipped with a rubber septum was charged
with cyclobutenone 437374 (0.037 g, 0.29 mmol), ynamide 476 (0.057, 0.29 mmol), and
0.3 mL of benzene. The tube was sealed and the reaction mixture was heated in a CEM
"Discover" microwave apparatus at 130 °C for 30 min (70-90 W, 40 psi). The reaction
mixture was allowed to cool to rt and concentrated to give 0.107 g of a yellow oil.
Column chromatography on 5 g of silica gel (elution with 10% EtOAc-hexanes) provided
0.069 g (74%) of aniline 477 as a white solid: mp 66-68 C; IR (CHC13) 3342, 2956,
2929, 2858, 1679, 1618, 1583, 1459, 1378, 1198, and 1163 cm-'; H NMR (500 MHz,
CDC13) 6 6.60 (s, 1H), 6.55 (s, minor rotamer), 6.53, (s, 1 H), 6.50 (s, minor rotamer),
5.47 (br s, minor rotamer), 5.22 (br s 1 H), 3.80 (s, minor rotamer), 3.64 (s, 3 H), 3.20 (s,
3 H), 2.44-2.53 (m, 4 H), and 1.47-1.60 (m, 4 H); 13C NMR (125 MHz, CDC 3): 6 157.0,
154.7, 142.4, 142.3, 124.4, 120.0, 115.0, 53.1, 38.7, 35.2, 33.4, 32.0, 30.0, 29.3, 25.7,
336
22.8, 22.6, 14.3 and 14.2; HRMS-ESI (m/z) [M+Na] cald for C19H31NO3, 344.2196;
found, 344.2186.
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N-(Methoxycarbonyl)-N-allyl-[5-butyl-3-hydroxy-2-isopropenyl phenyll-amine
(499).
A 5-mL, pear-shaped flask equipped with a rubber septum was charged with
cyclobutenone 437376 (0.105 g, 0.85 mmol), ynamide 492 (0.127, 0.71 mmol), and 0.7 mL
of benzene. The septum was replaced with a cold finger condenser and the reaction
mixture was stirred at 80 C for 20 h. The reaction mixture was allowed to cool to rt and
concentrated to yield 0.244 g of a dark yellow oil. This material was diluted with 3.0 mL
of MeOH and 3.0 mL of 5 M KOH solution, and transferred to a 25 mL flask equipped
with a reflux condenser fitted with an argon inlet adapter. The reaction mixture was
heated at reflux for 18 h, and then allowed to cool to rt, acidified with 4 mL of 10% HC1
solution, and extracted with 20 mL of Et2O. The organic layer was washed with 10 mL
of satd NaHCO 3 solution and 10 mL of satd NaCl solution, and the combined aqueous
layers were back extracted with two 10-mL portions of Et2O, and the combined organic
layers were dried over MgSO4 , filtered, and concentrated to give 0.185 g of a dark yellow
oil. Column chromatography on 5 g of silica gel (elution with 10% EtOAc-hexanes)
provided 0.044 g (58%) of aniline 499 as a white solid: mp 74-76 C; IR (CHC13) 3340,
2957, 2930, 1679, 1614, 1575, 1457, 1389, 1315, 1269, 1195 and 1150 cm'l; H NMR
376 3-Butylcyclobutenone was prepared via a two step method involving (1) a [2+2] cycloaddition of 1-
hexyne with dichloroketene and (2) reductive chlorination with zinc as described by Danheiser, see ref 294.
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(500 MHz, CDC13) 6 6.75 (s, 1H), 6.52, (s, 1 H), 5.87-5.95 (m, 1 H), 5.50-5.54 (m, 2 H),
5.06-5.14 (m, 3 H), 4.54-4.58 (m, 1 H), 4.46 (br s, 1 H), 3.76 (br s, minor rotamer), 3.63
(s, 3 H), 2.54 (t, J= 7.8 Hz, 2 H), 1.97 (s, 3 H), 1.55-1.61 (m, 2 H), 1.35 (dd, J= 7.5, 14.8
Hz, 3 H), and 0.93'(t, J = 7.3 Hz, 3 H); 13C NMR (125 MHz, CDC13): 6 156.3, 152.4,
143.8, 140.1, 139.3, 133.7, 125.1, 121.5, 119.2, 117.9, 114.6, 53.6, 52.9, 35.4, 33.3, 23.4,
22.5, and 14.1; HRMS-ESI (m/z) [M+Na] cald for C 8H25NO3, 326.1727; found,
326.1734.
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N-(Methoxycarbonyl)-N-allyl-[2-allyl-5-butyl-3-hydroxy phenyl]-amine (500).
A 5-mL, pear-shaped flask equipped with a rubber septum was charged with
cyclobutenone 437377 (0.075 g, 0.60 mmol), ynamide 495 (0.090, 0.50 mmol), and 0.5 mL
of benzene. The septum was replaced with a cold finger condenser and the reaction
mixture was stirred at 80 °C for 20 h. The reaction mixture was allowed to cool to rt and
concentrated to yield 0.165 g of a dark yellow oil. This material was diluted with 3.0 mL
of MeOH and 3.0 mL of 5 M KOH solution, and transferred to a 25 mL flask equipped
with a reflux condenser fitted with an argon inlet adapter. The reaction mixture was
heated at reflux for 20 h, and then allowed to cool to rt, acidified with 5 mL of 10% HCl
solution, and extracted with 20 mL of Et2O. The organic layer was washed with 10 mL
of satd NaHCO3 solution and 10 mL of satd NaCl solution, and the combined aqueous
layers were back extracted with two 10-mL portions of Et2O, and the combined organic
layers were dried over MgSO 4, filtered, and concentrated to give 0.160 g of a yellow oil.
Column chromatography on 5 g of silica gel (elution with 10% EtOAc-hexanes) provided
0.113 g (74%) of aniline 500 as a white solid: mp 39-40 C; IR (CHC13) 3338, 2957,
2930, 1677, 1584, 1459, 1389, 1273, 1197, 1151 and 991 cm'; 'H NMR (500 MHz,
377 3-Butylcyclobutenone was prepared via a two step method involving (1) a [2+2] cycloaddition of 1-
hexyne with dichloroketene and (2) reductive chlorination with zinc as described by Danheiser, see ref 294.
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CDC13) 6 6.67 (s, 1H), 6.55 (s, 1 H), 5.86-5.94 (m, 2 H), 5.58 (br s, minor rotamer), 5.41
(br s, 1 H), 5.08-5.18 (m, 4 H), 4.35 (dd, J= 6.1, 14.7 Hz, 1 H), 3.88-3.93 (m, 1 H), 3.80
(s, minor rotamer), 3.62 (s, 3 H), 3.30 (t, J= 6.1, 2 H), 2.53 (t, J= 7.6, 2 H), 1.57 (qnt, J
= 7.6, 2 H), 1.34 (q, J= 7.4, 2 H), and 0.92 (t, J = 7.3 Hz, 3 H); 13C NMR (125 MHz,
CDC13): 6 156.5, 155.4, 143.0, 140.7, 135.9, 133.3, 121.3, 120.7, 118.5, 116.7, 115.8,
53.9, 53.1, 35.3, 33.3, 30.4, 22.5, and 14.1; HRMS-ESI (m/z) [M+Na] cald for
C18H25NO3, 326.1727; found, 326.1741.
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N-(Methoxycarbonyl)-N-homoallyl-[2-allyl-3-hydroxy-5-methoxy-6-methyl phenyl]-
amine (504).
A threaded Pyrex tube (ca. 5 mL capacity) equipped with a rubber septum and
argon inlet needle was charged with cyclobutenone 501378 (0.093 g, 0.82 mmol), ynamide
498 (0.078, 0.40 mmol), and 0.4 mL of benzene. The solution was degassed by four
'I] freeze-pump-thaw cycles (-196 C, 0.02 mmHg), and the tube was then sealed under
argon with a threaded Tetlon cap. The reaction mixture was heated in an oil bath at 125
°C for 12 h, and then allowed to cool to rt and concentrated to yield 0.187 g of a yellow
oil. This material was diluted with 3.0 mL of MeOH and 3.0 mL of 5 M KOH solution,
and transferred to a 25-mL flask equipped with a reflux condenser fitted with an argon
inlet adapter. The reaction mixture was heated at reflux for 20 h, and then allowed to
cool to rt, acidified with 5 mL of 10% HCl solution, and extracted with 20 mL of Et2 0.
The organic layer was washed with 10 mL of satd NaHCO3 solution and 10 mL of satd
NaCl solution, and the combined aqueous layers were back-extracted with two 10-mL
portions of Et2O. The combined organic phases were dried over MgSO4, filtered, and
concentrated to give 0.151 g of a yellow oil. Column chromatography on 15 g and then
378 2-Methyl-3-methoxycyclobutenone was prepared from the reaction of excess ketene (generated by the
pyrolysis of acetone over hot wire by the method of Williams and Hurd, see ref 308) with
methoxyacetylene in CH3CN (0 °C, 8 h). For spectral data for this compound, see ref 254.
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on 10 g of silica gel (elution each time with 20% EtOAc-hexanes) provided 0.064 g
(52%) of aniline 504 as a white solid: mp 167-170 C; IR (CHC13) 3331, 2954, 1677,
1605, 1464, 1393, 1327, 1309, 1196, 1172, 1124, 1020, and 917 cm-'; H NMR (500
MHz, CDC13, 55 C) 6 6.46 (s, 1H), 6.32 (s, minor rotamer), 5.88-6.02 (m, 1 H), 5.67-
5.77 (m, 1 H), 5.64 (s, minor rotamer), 5.34 (s, 1 H), 5.14-5.18 (m, 2 H), 5.02-5.06 (m, 2
H), 3.80 (s, 3 H), 3.75 (s, minor rotamer), 3.61 (s, 3 H), 3.52-3.57 (m, 2 H), 3.26-3.31 (m,
2 H), 2.33 (dd, J = 6.7, 16.2, 2 H), and 2.00 (s, 3 H); 13C NMR (125 MHz, CDC13, 55
°C): 6 157.7, 156.7, 154.1, 140.5, 137.0, 136.3, 135.3, 117.6, 116.8 (rotamer), 116.5,
115.0, 99.7 (rotamer), 99.5, 55.8, 53.0, 50.6, 32.4, 30.9, and 11.3; HRMS-ESI (m/z)
[M+H] cald for C17H2 3NO4, 306,1700; found, 306.1704.
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7-Butyl-5-hydroxy-4-methyl-2H-quinoline-l-carboxylic acid methyl ester (522).
A 250-mL, round-bottomed flask equipped with a rubber septum fitted with an
argon inlet needle was charged with aniline 499 (0.103 g, 0.34 mmol) and the Ru
metathesis catalyst 514 (0.014, 0.017 mmol, 0.05 equiv). The flask was evacuated, back
filled with argon, and then charged with 100 mL of methylene chloride. The septum was
replaced with a reflux condenser fitted with an argon inlet adapter and the reaction
mixture was stirred at reflux for 14 h. The reaction mixture was cooled to rt and
concentrated to yield 0.202 g brown oil. Column chromatography on 5 g of silica gel
(elution with 15% EtOAc-hexanes) provided 0.089 g (95%) of dihydroquinoline 522 as a
tan oil: IR (thin film) 3360, 2957, 2923, 1680, 1616, 1502, 1440, 1351, 1297, 1238,
1220, and 1146 cm'; 1H NMR (500 MHz, CDC13) 6 6.97 (br s, 1H), 6.39 (d, J= 1.5 Hz, 1
H), 5.72 (dt, J= 1.5, 4.7 Hz 1 H), 5.64 (br s, 1 H), 4.14-4.15 (m, 2 H), 3.78 (s, 3 H), 2.51
(q, J= 7.6 Hz, 2 H), 2.24 (q, J= 1.5 Hz, 3 H), 1.54-1.60 (m, 2 H), 1.36 (app td, J= 7.5,
15.0 Hz, 2 H), and 0.93 (t, J= 7.3 Hz, 3 H); 13C NMR (125 MHz, CDC13): 6 154.9,
152.8, 142.8, 138.5, 132.6, 121.6, 117.0, 116.0, 113.2, 53.3, 42.9, 35.5, 33.4, 22.5, 21.9,
and 14.1; HRMS-ESI (m/z) [M+Na] cald for C16H21NO3 , 298.1414; found, 298.1417.
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8-Butyl-6-hydroxy-2,5-dihydro-benzo[b]azepine-l-carboxylic acid methyl ester
(523).
A 250-mL, round-bottomed flask equipped with a rubber septum fitted with an
argon inlet needle was charged with aniline 500 (0.112 g, 0.37 mmol) and the Ru
metathesis catalyst 514 (0.015, 0.018 mmol, 0.05 equiv). The flask was evacuated, back
filled with argon, and then charged with 100 mL of methylene chloride. The septum was
replaced with a reflux condenser fitted with an argon inlet adapter and the reaction
mixture was stirred at reflux for 12 h. The reaction mixture was allowed to cool to rt and
concentrated to yield 0.122 g brown oil. Column chromatography on 5 g of silica gel
(elution with 20% EtOAc-hexanes) provided 0.098 g (96%) of dihydrobenzoazepine 523
as a tan oil: IR (thin film) 3348, 2956, 2930, 1682, 1620, 1587, 1443, 1364, 1267, 1231,
and 1020 cm-l; H NMR (300 MHz, CDC13) 6 6.60 (s, 1H), 6.40 (s, 1 H), 6.26 (br s,
minor rotamer), 5.76-5.83 (m, 2 H), 5.49 (d, J = 11.0, 1 H), 4.94 (br s, 3 H), 4.23 (br s, 1
H), 3.83 (s, minor rotamer), 3.68 (s, 3 H), 3.38 (br s, 2 H), 2.54-2.55 (m, 2 H), 1.51-1.62
(m, 2 H), 1.25-1.42 (m, 2 H), and 0.93 (t, J= 7.3 Hz, 3 H); 13C NMR (125 MHz, CDC13):
6 156.5, 152.6, 142.4, 142.3, 127.0, 125.3, 123.6, 120.0, 115.1, 53.4, 47.9, 35.3, 33.4,
22.6, 22.5, and 14.1; HRMS-ESI (m/z) [M+Na] cald for C16H21NO3, 298.1414; found,
298.1424.
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7-Hydroxy-9-methoxy-10-methyl-3,6-dihydro-2H-benzo[b]azocine-l-carboxylic acid
methyl ester (524) and 7-Hydroxy-9-methoxy-10-methyl-3,4-dihydro-2H-
benzo[b]azocine-l-carboxylic acid methyl ester (525).
A 250-mL, round-bottomed flask equipped with a rubber septum fitted with an
argon inlet needle was charged with aniline 504 (0.062 g, 0.20 mmol) and the Ru
metathesis catalyst 514 (0.090, 0.02 mmol, 0.05 equiv). The flask was evacuated, back
filled with argon, and then charged with 55 mL of methylene chloride. The septum was
replaced with a reflux condenser fitted with an argon inlet adapter and the reaction
mixture was stirred at reflux for 12 h. The reaction mixture was then allowed to cool to rt
and concentrated to yield 0.099 g brown oil. Column chromatography on 5 g of silica gel
(elution with 30% EtOAc-hexanes) provided 0.043 g (78%) of a mixture of
dihydrobenzoazocines 524 and 525 as a white solid: mp 176-178 °C; IR (CHC13) 3326,
2936, 1677, 1606, 1467, 1391, 1323, 1193, 1166, 1106 and 1041 cm-'; 1H NMR (500
MHz, CDC13, rotamers not coallesced) 6 7.11 (s), 6.77 (s), 6.46 (s), 6.38 (d, J = 11.0 Hz),
6.34 (s), 6.18 (d, J = 11.0 Hz), 6.04-6.09 (m), 5.85-5.97 (m), 5.81 (s), 5.63-5.69 (m),
5.53-5.58 (m), 5.39 (m), 5.04 (s), 4.31-4.40 (m), 4.15-4.23 (m), 3.90, 3.82 (s), 3,77 (s),
3.76 (s), 3.68 (s), 3.67 (s), 3.61 (s), 3.56 (s), 3.27-3.36 (m), 3.02-3.11 (m), 2.54-2.77 (m),
2.25-2.38 (m), 2.07-2.20 (m), 2.02 (s), 2.01 (s), 1.95 (s), and 1.94 (s); 13C NMR (125
MHz, CDC13, rotamers not coallesced): 6 157.1, 156.5, 156.3, 156.0, 152.3, 151.5, 140.9,
352
140.7, 139.7, 133.5, 132.1, 128.4, 127.1, 120.7, 120.1, 116.9, 115.2, 98.9, 98.8, 55.7,
55.2, 55.0, 53.64, 53.57, 53.3, 53.15, 53.08, 49.5, 49.3, 49.1, 28.0, 27.6, 27.0, 25.1, 25.0,
23.9, 22.8, 10.20, 10.16, 10.0; HRMS-ESI (m/z) [M+H] cald for C15H19 NO4, 278.1387;
found, 278.1378.
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